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(57) Abstract 



The present invention concerns 
the discovery of a new family 
ot hedgehog interacting proteins, 
referred to herein as "hedgegehog 
interacting proteins" or "Ear" which 
are demonstrated to bind to hedgehog 
polypeptides with high affinity. As 
described herein, the Ext proteins 
are reqmred for and as such regulate 
hedgehog diffusion. 
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The present invention concerns 
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Regulation of Glycosaminoglycan Synthesis, 
Methods and Reagents Related Thereto 



Background nf th» T.», nntlTTn 

Growth factors and cytokines are important signaling molecules that control many 
Physical processes such as cell growth, division, differentiation, and migration These 
molecules constitute some of the most important regulators of gene expression in 
eukaryotic system, Much of the work to date focuses on the downstream effects of these 
molecules on cells, such as the initiation of signal transduction through the binding of the 
growth factor to its transmembrane receptor or the different second messenger pathways 
employed by certain signaling molecule, However, little attention has been paid to how 
the growth factors may be regulated through interactions with the ECM, from the time of 
then- release until they form an active complex with their receptors at the cell surface 

Understanding of ECM-growth factor interaction is especially critical in light of the 
fact that an increasing number of growth factors that have been found to form strong 
complexes with the ECM, specifically glycosaxnin 0 g lyC an-c 0 ntaining proteoglycans For 
example, members of the fibroblast growth factor (FGF) family require the presence of 
glycosaminoglycan (GAG) chains to act as a cofactor for binding to, and activation of, 

FGF-receptors on the cell surface Platelet fan™ a \*; n A« u 

rIarelet 4 binds heparin and is completed to the 

preoteoglycan serglycin upon secretion from platelet -alpha granules. 

Membrane associated carbohydrate is exclusively in the form of oliogsaccharides 
covalently anached ,„ proteins forming glycoproteins, and ,„ a lesser extent covalently 
attached to lipid forming the glycolipids. Glycoproteins consist of proteins covalently 
hnked to carbohydrate. Tie predominant sugars found in glycoproteins are glucose 
galactose, mannose, ftcose, GalNAc, GlcNAc and NANA. Tie distinction between 
ptoteoglycans and glycoproteins resides in the ,evel and types of carbohydrate 
modification. The carbohydrate modifications found in glycoproteins are rarely complex- 
cartohydra.es are linked to the protein component tough either O-glycosidic or N-' 
glycosidic bonds. The N-glycosidic linkage is through the amide group of asparagine The 
O-glycosidic linkage is to the hydroxyl of serine, threonine o, hydroxyzine. The linkage 
of carbohydrate to hydroxyzine is generally found only in the collagens. The linkage of 
carbohydrate to 5-hydroxy.ysine is either the single sugar galactose or the disacchande 



WO 99/50385 

PCT/US99/06892 

glucosylgalactose. In ser- and thr-type O-linkert „i 

attached ,„ ,h . • • „ Blycoprotems, the carbohydrate directly 

attached to .he p,„ t e,n ,s GalNAc. In N-linlced glycoproteins, i, is GlcNAc " 

The syndesis of O-ltaked glycoproteins ^ vh ^ ^ 

nudeot, .activated sugars direcMy on.o the ^, The nudeoa ^ ^ 

aTI ^ W ' ^ ^ ~> - CMP («- <— * NANA) The 

mdtca.es (ha. each specific type of carbohydrate Unka sc i„ o Knl»H , 
result of a different glycosyhransferase. 8 ' yK>Pr0,emS iS "* 

^ M <"".^maJorc^ 
■0 « . , hybrid and complex. Toe maj or dicing feaLe of me ^ 

.s *e presence of sialic acid, whereas the hybrid Cass co„ tains n0 ^ acid 

(GAGs, rZ' TT he,tt0|)<,, ™ d « » *• - «« glycosaminogiycans 
GAG,). These molecules are iortg unbranched polysaccharides contain^ . " 

unit. rae di,ccharide units contain either, of ,wo modifie su^ 

Itllr; <G " AC) OT N -^'~= W, at, a uronic L 1 
conf ^ Ur ° na ' e ^ s ^ highly negatively charged molecules, with extended 

that .mparts high viscosity t o the solution. GAGs are located primarily on Z 
of cells or in u,e extracellular ma«x (ECM). Along with te £ ^ o 
GAGs oon.es low compressibility, which makes mese molecules idea, for a lubrical 
"J *" J ° mB - A ' te — ** <** P^des stn.ch.ral integrity , 0 Z 
P-des pa^ageways between ceUs, lowing for eel, mi^on. „e s^nc GAGs^f 

h*-* heparan sulfate, and keratan sulfa*. AHhough each of mese GAGs has a' 
P^ommar,, msaccharide component heterogeneity does exist in me sugars pre^t 
make-up ofany given class of GAG. 

The distinction between proteoglycans and glycoproteins resides in me level and 

« -,y complex: carbohydra.es are linked ,o tne protein component to „u^ " 
g.yoos.d,c or N-glyc^idic bonds. T*e N-g,ycosidic .inkage „ tough ^ J 
jaragme T*. O-glycosidic linkage is to me hydroxy! of Le, thJT 

«— . or me d,sacchar,de glucosylgalactose. m «, and thr-type O-linked 
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glycoproteins, the carbohydrate directly attache tn «. 

uctuy anacned to the protein is GalNAr r„ m r i j 
glycoproteins, it is GlcNAc. " N " hnked 

The majority of GAGs in the body are hnked to core proteins f • 
proteoglycans (also called mucopolysaccharides) The GAC< , 7 § 
* - core in a bn.h-li.e structure. The ^OA G T 7 

specific trisaccharide composed of two g^tose H „ ^ ^ * 
GalGalXvl OCffinr n " ^ 3 Xylul ° Se residue (GAG- 

To gW^T T Hnk6r " COUpkd t0 ^ - through 

■ 10 a s residue in - protein - Some fo ™ ^ » 

linked to the protein core through an N-asparaginyl bond n» . • 

'« proteose are rich in Sand Indues which!,, , ^ "~ ° f 

i residues, which allows multiple GAG attachments 
The most important subset of the protect is derived ^ 

ir:z° 8 ycaiK (hmag * con,pta -* **- co™ 

unit,mclud M gO-sulfation,N-sulfationoracerylationandrs • • • 

• ^ ^ non ' 311(1 C5e Praenzation of the uronic 

acid moiety. Together these modifications as well a* a. ■ 

nfrt,p, 88 theum( l ue conformational flexibilitv 

of the uromc acid component, create a highly hetamo™. , 

functions. heterogeneous polymer with diverse in vrvo 

acid JT Carb ° hydrate baCkb ° ne ^ hePadn Md HS c « of alternating hexuronic 
a«d (D-glucuromc acid (GlcA) or L-iduroni c acid (IdoA)> and n i 
unit _ tl r-ij . 1Q ^ aoA » and D-glucosamine (GlcN) 

The GlcN residues ,n heparin are predominantly N-sulfated, whereas those in HS 

N " S — " »— - —ns or bothTsl" 

generated through the formation of a rGlcA-GleMA^in i 

mn A K-A u l^CA-UJcNAc]n polymer that is subsequently 

modified by partud N-deacetylatiotVN-sulfation of GlcNAc units C < ■ 

.pace ItTuTr ^ ^ ^ — to - Mta4 h * — 

space, a, ceU surfaces or in the extraocular ma«*. Some are anchored mro ne h 
interactions with other proteins Hnw«,~ ^ 
nmt . P 0temS - However > culTent research increasingly implicates 

proteoglycans as scaffold structures d«io„«i ♦ ^PUcates 

Pictures, designed to accommodate proteins through 
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7*" " ***** - P-in ligands. Binding of pr0 eins , ^ 

chants may serve a variety „ f functional prap0KS , ^ ^JJ^ 
protection agams, degradatbn , 0 ^ - -« 

5 Because of such h,,^ HS proleog , ycam ^ . <- ««* 

- ryon.c development, genesis, reguUUon of ^ * ' 
factor/cytokine action, cell adhesion, lipid metabolism, etc 

10 Summary nf the Invi^ ,. 

•The present invention is directed to the disc™™ »w ... 
v. • • - niscovery that there exists proteoelvcmK 

^s specne glycosaminoglycan chains winch provide exouisite select^ for ^ 
* parucmar grow* factors „ r ^ e . g „ ^ * 

M - the specif of the GAG chain structure, which gives tise to this b^g 
W . regulaed by a .osmetic pathway which can he selectively hmibited * 
order to antagomze the activity of a specific growth factor. 

Based on the above understandini! one «.« „r a. 
■ .. »' ne "P** o f *ie present invention provides 

2^ -ys for identic agents whjch ^ ^ 

actor. cy^e 0 r ot her se™ pro,.. (coIlKtively refemd „ 
tan for ease o, readmg). h panicular , ^ subject 
^ofspe^^^ 

^ ~„n, suifation, or acetylation which produce Wspecinc binding by 2 
-.ting prot^yoar. Such inhibitors can be used to alter the specif „f 
^glycan for binding a partic„,ar factor (or family of re,*ed factors by i^ 1 
^c ^canons to the sugar se,ence of the protean. , one embodiment, 2 
assay . entities ag ents whl ch selectively inhibtt a suifotransferase, preferably an N. 
deacetylaseM-sulfotransferase involved in ™.i ■ r 

selected f„,, ^ K ° f a Wolfram that binds a 

selected factor - so as to decrease the ability of the proteo g ,ycan t0 bind me factor 

Another .pec, of the present inraition ^ „ a y 
~£ of a factor, „ v;m or „ by administering a which ^ 

»*. : synthes-s of me fcctor-specinc glycosaminoglycan in « amount sufficient 
*duce me responsiveness of me treated c„ ( s) to the facto, Such me*ods « be Z 
e.g., unwanted cell probation or other unwanted effects of a facte 
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^-rs^:r.trn:-- ,,, " fc ~ i ' fc 

-« a w , lhout substanlially ihe synthKjs of gag p 

mitogens, troph.c or other activity enhanced. 

in oneernoodimen,,^^,, orovides dnr g discover assays for identitying 
^nts wh.ch can moduiate the bioiogica, function „ f se.eced factors, such as b^i 
giycosy.transferase of an Ex, protein, ,, Ext]; ^ 

GAG-modtfytng acv,ty of a„ ^ ^ « 

Z olT h ** '""^ FOT «* ->jec, method can be 

^ to ^ h*gehog.media,ed sign, transduction by inhibmng rf 

therapeuttcaUy to alter the growth, maintena.ee and/or differentiation of a tissue othe™ise 
reSP ° , 7 10 ■»-■ «• * subject inhibitors can be 

cT' P,D,iferati0 ' 1 -* - ^-dependent basa, ce D 

~* * sub,* inhftitors can be used to a„er the growth sfcto of a mesoderm^ 
d~ue, - - cartiiage. * parties, this invention provides a method fir 
tden.fyn.g agents tha, are effective in amieiorating a, ieas, one symptom of a disorder 

:tr by mMpi — - * -** — 

^sarcomas, and/or osteosarcomas. ,„ other embodiments, me invention aiso he,ps m 
■denufyng agents usefu, therapeutical to inhibit hedgehog-mediated grolh 

Z7T r; - *"* fa of a dssue — ^ 

denved from dorsa, mesoderm, ectodermany-derived tissue, such as tissue derived from 
*e eptdermts, neurai tube, neura! crest, or head mesenchyme; endodermal M erived tissue 
arch as tissue derived from the primitive gut. 

In another embodiment, this invention provides drug discovery assays for 

2TT T which cm modula,e "* of seiKW *— -«* 

T hI^ ^ 5 " Ch " Pro ' eiM - FOT — * -ays can be used W 
by GAG-modtfymg actmty, e.g. inhibiting a ^-modifying N-deacetyias^N- 
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00 ^ b ,« ing to interactjon of , Wnt protem ^ 

o r „ ^ ^ of a . ^ capabie 
«- P „ tem . AccoKlmglyi me subjKt mahod cm be ^ to 

^ ^ ducllon by inhibiting synthesis of Wnt ^ gag ^ 

Wn,-spec,„c giyp.ca.. Such agents can ^ , therapeu(ica|iy (o ^ 
7t" **" differa, " a,i0n ° f 3 «*— ~e ,o W„, proteins The' 

^cation of modulators of Wnt activity «. ^ jn 0cmmg d . sMse s(ate 

""'^ ^^P™* -id be of use in "-etieatmen, of diseases in which 
activation or motivation of the W„, protein ^ in either ^ ^ 

grow* artd hence culd be used in the prevention md/or ^ „, ^ 

and breast cancer for example. 

b prefer embodiments, the steps of ^ «, ^ for , 

libra* of a, .east ,00 different test compos, more preferab,y a, ,«as. I0 3. 10 4 or )0 5 
Afferent test compound,. The tes, compound can be, e.g., a peptide, , nuc.eic acid, a 
carbohydrate, a ana!, organic mdecule, ornamral product ex,™ („ r fiction thereof, 

In yet another embodiment th, present invention provides diagnostic artd 
therapeutic assay, and reagents for detecting and treating disorders involvfa& „ r 
aberrant expression (or loss thereof, of an Bx. giycosyitiansferase gene, abberan, 
expression of a Ufy N-deacetyiase^-sutfotran^ g e„e, or abberaM rf a 

Tie present invention ttaher contemplates me pharmaceutica. formulation of one 
or more agents identified in such drug screening assays. 

In other embodiment, the present wmflm provides , 
small orgamc molecule, which is identified in the subjed drug screening assays 

Y«another aspect of the present invention concerns a method for modulating one 

or more of growth, dfferentiation, or survival of a cell hv .„._ . ■ t 

..... x«vivm ot a cell by treatment with a compound 

. <-* by me subject dmg screening assay, e.g., by or 
glycosytansferase invoived in fac,or-se.e=tive GAG synthesis, m generaI> ^ 
ca^ed ou, „ v,v 0 , ,» vto , or * the method comprises treating the ceil wfth an 
effective amount of such an agent so as ,. a„e, re.ative ,„ the ceil in the absence of 
treatment, a, .east one of (i, rate of growth, differentiation, or (iii) survival of the cell 
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The pracce of*. pres er, invent™ wi„ emp.oy, u„,ess otw , se ^ 
o„v OT „ ona , (echniques of ce „ Wologyi M]| ^ moteuiar . 

b-ology myology, reMmbinan , DNA, and .mmunology, whic „ „ ^ ^ ^ J 
» CWng ' KhniqUeS " eXP ' ataed lh « '~ for example, Molecular 

0,her ^ - Stages of the invention wiU be apparent from the f„ IIowing 
detailed description, and from the claims. 

Brief Description 0 f t h e p raw { ng c 
5 Fi 8 ur e 1 : //v affects 

All discs are oriented as in a: A, anterior; P, posterior; V, ventra, and 0, dorsa. 
B.ue hues mdicate the A/P boundary. Dashed lines indicate the U of the relevant 
mutant Cones as determined by the absence of P-Galac,osidase ( -Ga,, seining (see 
below). The m>n>00iSI ajldr wlii-i, u. 

; «v allele, which behaves as a genetic null and is a protein null (see 

figure 3d), was used to generate ttv somatic mutant clones. 

Wild W e Ptc expression, in red, is detected with the ApaB Mouse 
monoclonal antibody (Capdevila, ,., Pariente, F., Sampedro, X, Alonso, ,. L . & ^ , 
D^o pmenl Subceliular tocaHzation of me ^ ^ ^ ^ ' " 

mteracdon with the wingless reception complex in Drosophila embryo, ,20, 987-998 
(1994,). Ptc is expressed a, low levels throughout the wing disc and its expression is 
great!, increased in the A compartment along the A/P boundary in response to Hh 
agnahng. Note that the staining is weaker in the central region of the wing blade 

b. Wild type Ci expression, in green, is detected with rat monoclonal antibody 
2AI winch has a higher affinny for the full length Ci gene product man for the repressor 
fonn (Aza-Btac, P., Rarnirez-Weber, F.A., Laget, M.P., Schwarfc, C. A Komberg, « 
Cell Pn3.eo.ysis tha, is inhibited by hedgehog targets Cubitus interrupt* protein to the 
nucleus and convert, it to a repressor. 89, 1043-.053 (,997)). Ci is only expressed in the 
A compartment and i, can be used as a marker for the A comparhnent. The full lengm Ci 
proton, is seized in response to Hh signaling as seen by a more intense suining. N„, e 

that the posterior limit of the domain of Ci stahil.7 a ri™ , 

1 u ^"'zahon does not correspond with the Af? 

boundary in late third inaar wing discs due to the expression of Engraled/Invected 

tfn/mv) in me A compartment. The expression of En/Inv have been shown ,„ be 

dependent on high lev,, of Hh signabng (Strigini, M . & Cohen , S M ^ 
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Hedgehog activity gradient conWbutes „ „ ^ p 

4697-4705(1997)). 8 ' ' 

c, d, and e. P,c expression to red (c, =) and -Gal in green (c, d). c shows the Ml 
^^U.e.ievan.^clonei.indica.edbyanarrow. d and e are magnifications of the 
5 clone. The absence of -Gal staining ,s used as a marker for the u, mutant clone. ,„ a „ 
clone, Ptc expression is no, tnduced, except in one row of ce„s advent to the A/P 
boundary. This staining is also reduced in comparison with wild type cells. 

f, g, h. i, j and k. Ci staining in green (f, h, i, k) and -Gal staining in red (f g i j) 
The absence of -Gal staining is used as a marker for the clone. 

f. S and h. f shows the full disc where the relevant «v clone is indicated by an 
arrow, g and h are magnifications of me clone. In homozygous „ mutan, cells Ci 
stabthzauon is not induced except at the posterior edge of the clone. 

i,jandk. ishows the full disc where the relevant ,„, clone is indicated by an arrow 
J and k are magnifications of the clone, k, Wild type cells anterior to a «, „„« clone do 
.5 not stabilize Ci. although they are ,„ a domain competent to respond to Hh sighting (see 
arrowheads). The cell nonautonotnous effect is directional because cells posterior to the 
clone respond ,„ Hh signaling (sec also h). Within the clone the disfcnee between tie 
domam of Ci stabilization and the A/P boundary is reducod. This indicates ma, the level of 
Hh signaling is reduced since this disance i s dependent on high levels of Hh signaling 
» (Stngun, M. & Cohen. S.M. D^opnen, A Hedgehog activity gradient conhibu.es to AP 
axtal patterning of the Drosophila wing. ,24. 4697-4705 (1991)). Finally we interpret that 
the stabilization of Ci protein in the ventia, cells a a, clone is due to the diffusion of the 
Hh protein from wild type cell located more ventrally (see arrow). 

25 Figure 2: nv is reqnir^ f or Hh rtiq nTfll 

Blue lines indicate A/P boundary. Dashed lines indicate the limits of the clones 
unless they overlap with the A/P boundary. A „ discs «, orientaf „ m ' 
»~ were ^ t0 generate ^ ^ ^ cimK 

In a and b, overlays of Ptc and -Gal stainings are shown in green and red 
30 respectively are shown. h c and d. overlays of Ptc stiuning in gree* and Hh sunning in' 
red are show,. Hh is detected with a rabbit anti-Hh antibody (Taylo, A.M., Nakano Y 
Mohler, J. & Ingham, P.W. MecH Be* .Contesting distributions of patehed and hedgehog 
proteins in the Drosophila embryo. 42, 89-96 (1 993)). 
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a, A ptc mutant Cone a. the A/P bounds causes an ectopic expression of Ptc in 
w.d type cells anterior ,„ the Cone reflecting the diffusion of the Hh protein across the p,c 
Cone (see also (Chen, Y. ft Struhl, G. CeU Dual roles for patched in sequestenng and 
transducing Hedgehog. 87, 553-563 (1996))). 

b, Two independent p,c, m double mutant clones are shown in both the A 
compartment (see arrow) and the P compartment. In an Ap,c. m, double m « Cone p,c 
express™ is no. induced in wild type cells anterior to the Cone. In a P p,c, «v double 
mutant clone, the Hh diffusion is not affected since,* expression is induced anterior to the 
A/P border. 

C ptc mutant clone in the A compartment. Ptc is detected as a punctate staining 
that reflect, Ptc localization in vesicles. Hh is expressed in the P compartment. In zptc 
mutant clone Hh is detected as a diffuse and as a punctate staining. When Hh reaches the 
w,ld type cells, its staining becomes more punctate and mostly coincides with punctate Ptc 

staining. 

d. A ptc ttv double mutant clone in the A compartment. Unlike what is 
observed in a„,c mutant clone alone, Hh staining cannot be detected in ptc ttv mutant 
clones. The clone boundaries were identified by staining for P-Gal (not shown). 

,e, f, g. Ci staining in green (e, g) and -Gal staining in red (e, f). e shows the full 
disc W1 th the relevant posterior clone indicated by an arrow, f and g are magnification of 
the clone. The absence of -Gal staining is used as a marker for the clone. Loss of ttv 
actmty m the P compartment does not affect the diffusion of Hh in the A compartment 
since Q is still stabilized in the A compartment in wild type cells adjacent to a ttv mutant 
clone induced in the P compartment. 

In a wild type wing disc, Ci stabilization is not detected directly adjacent to the A/P 
boundary (Strigini, M. & Cohen, S.M. Development A Hedgehog activity gradient 
contributes to AP axial patterning of the Drosophila wing. 124, 4697-4705 (1997)) This 
shift (see bars H ) in the domain of Ci stabilization depends upon high levels of Hh 
signaling (Strigini, M. & Cohen, S.M. Development A Hedgehog activity gradient 
contnbutes to AP axial patterning of the Drosophila wing. 124, 4697-4705 (1997)). While 
ttv clone in the P compartment does not affect the range of Hh diffusion, we noticed that 
the domain of Ci stabilization is now adjacent to the A/P boundary (see arrow). We 
interpret this observation as a reduction of the level of Hh signaling in the A compartment 
This reduction in the level of Hh signaling reinforces our hypothesis of the function of Ttv 
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in Hh dOtata. „ facl , since Hh is MprKsed fa ^ p compartm ^ ^ 
probaby depends on to a™**, expression of Hh tam several rows of ceUs adjacent 
.0 to VP boundary. Since our data clearly indicare that Hh does no, difluse in «v mutam 
cells, we expec, that in a posterior «v mutan, clone, only the Hh protein produced by ,h= 
• row of ce„s adjacent ,„ the A/P boundary can diffuse into the A compact and 
contribute to sibling, thus explaining the shift in Ci stabilizauon pattern. 

Figure 3: Cloning of the m. Inm f 

a. Genomic map of the siccus. The P-element, m Womj ^ , 0 ^ 5JA 
polyene chromosome band which is deleted in D m> Tri*. „ is inserted in the six* intron 
of the «v gene, which also includes to lartn C gen. Only introns of more 1kmla „ 
represent Dl, GIO m d B,2 are three overlapping cosmtds tha, were previousiy mapped 
* to regton (Dickson B.,, Dommguez, M., van der Strafen, A. * Hafen, E. Ce« .Control 
of Drosophila photoreceptor cel. fa«s by phyl.opod, a novel nuclear protein acting 
downstream of the Raf kinase. 80, 453-462 (1995)).. 

b. Sequence comparison between to Ttv and human Ex.-I proteins. Black boxes 
indicate identical amino acids between Ext-1 and Ttv. The overal! identity is 56'/. between 
Ext-1 and Ttv and 25% between Ext-2 and Ttv (not shown). 

c. A Northern blot of poly-A+ RNA fmm n i « i, 

KNA * >m 0-1-5 hour embryos probed with the ttv 
lull lengtt, cDNA- A transcript of approximately 3.8 kb is detected, indicating tha, «v is 
maternaUy expressed. /„ si* hybridization whh , anti-sense ttv cDNA pnobe indicates 
that the ttv RNA is expressed ubiquitously (not shown). 

d. Western blot of lysa.es of unfertilized wild type (WT) eggs ami of eggs derived 
from females caring ««W homozygous germ line clones (GLC) probed with . 
afibtty purified rabbit polyclonal antibody against Ttv. The u. gene encodes a 760 amino 
acid protein with « expected MW of 87kD. The antibody recognizes a band of 
approximately 80 kD which is present in wild type and absent in «W» eg gs derived 
from GLCs. The presence of sevenn background bands of equal intensity in to two 
different lanes reveals that simitar amounts of proteins were loaded. Using four different 
affinity purified sera we have no. been able to obtain specific in sttu saining of the Ttv 
protein (see Methods). 
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Fi e»re4. IP- is a type U intf p nl membra™ r , f .- r 

a The Kyte-Doolittle hydrophobic!* plot of the T ,v protein se,uence shows the 
ex,s«e„ce of a hydrophobic stretch a, the N-terminus of the protein (aa 7 to 24 , see 

b. /» wo translate and microsome assays, to vitro transcribed Ttv cDNAs are 
translated into an 80kD protein in the presence „f .• . 

r ,ne P resen ce of n&bit reticulocyte extract supplemented 

w„h 10 ,0 of 35 S . memionine (lane 2) . ^ ^ same exim[ , s sw]emeMai 

pancreatic microsomes, Ttv is detected as a higher migrating band (ta. 3). This shift can 
be abohshed by endoglycosydase H treatment, indicating ma, the Ttv protein is 
glycosylated m He presence of microsomes (lane 4). The fiiU lengti, Ttv protein enters 
_es since Ttv is protected from proteinase K digesdon in the presence of i ntact 
microsomes (lanes 5 and 6). Ttv remains associated with the membrane ftaction after 
alkaline wash (lane 7 and 8), indicating mat Ttv is a membrane protein 

c. Proposed stmcnor. for the Ttv protein. No ,e th at me cytopIasmic m „ 
ammo acds in tengm and is identical in Ex.-, ffid ^ We do „„, ^ ^ rf 

10 membrane by * ^-PbopbatidyUnosto. (GPI) anchor since GPI anchor 
proteins are characterized by a large hydrophobic region a. the C-terminus (u», M G 
Biocto, Biophys Ac,* The giycosyi-phosphaddyUnoste, anchor of membrane proteins' 
988, 427-154 (1989)) not present in Ttv. 



u ^""^S^villnsmitinrthe^niti.n nrWi.^!^..; T - lf 

Cham during po1vjareb.ri.le hinsvnih..;. 

The symbols used are defined by the structures illustrated below the scheme The 
open *d« attached to the internal GlcNS03 unit of th. aodthrombin-hinding 
pentasaccharide sequence (AT, denotes a 3^,fa,e ^ ^ ^ ^ fc 
vanous enzymes (NDST, GlcA C5 epimerase (EPI). 2-OST, «>ST, a.d 3-OST) are 
-Seated by arrows and by red residue symbols. The arrows within pare nU,eses indicate 
(arbitrary) site of v*iab,e polymer modified* .... residues that satisfy tie subshtte 
spectficity of the indicated reaction, but nevertheless escape urge, selection. Two NDST 
■soforms a™ indicated, along with their po^ ^ ^ For ^ 

yarding isoforms of other enzymes (no, indicated m the scheme) see the text The 
reducing terminus is to the right. 
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Figures 6A-C: Ttv is involve d in HSPGs binsvnfh ^ 

Staining of wild type (A-C) and ttv mutant (D-F) embl y os with the 3G1 0 antibody 
No staining was detected by 3GI0 m embryos untreated with heparins HI (A and D) In 
emb^os Seated with heparinase III, U nif orm staining is detected at early stages (B) by 
3G10. At later stages, stronger staining is observed in the nervous system (C). B and C are 
stage 10 and 13 embryos, respectively. In «v embryos (E), the staining detected by 3G10 is 
strongly reduced. The decrease staining is not due to variability in staining conditions 
because when *, is ectopically expressed in a hairy pattern in ttv embryos, the strong 3G10 
staining is recovered in the hairy striped pattern. 
> Cuticles of wild type (0) , „ embryos (H), a,d m/D/m T rlx embryos derived 

from females with „v germbne clones (1). W Western blo,s of wild .ype (w«, and tn , 
embryos prob ed wi<h rabbi, an,i-T,v antibody. TTre predicted Molecular Weigh, of T,v 
protem is 80 kD and a band emigrating witi, me 83 kD marker is de,ec,ed in wild type and 
not in ttv embryos. 

Figure 7; Ext protein r^pan^ 

Amino acid sequence comparison between Ttv, Homo sapiens Extl (Hs Extl) 
Drosophila melanogaster Ext2 (Dm Ext2), and Homo sapiens Ext2 (Hs Ext2). Dm Ext2 is' 
more similar to Hs Ext2 and Mm Ext2 than Ttv. 

Fi S*re 8: Subcellular localization nf t*, 

Embryos stained for (A) Ttv-myc in green, (B) the Golgi marker B-CopH in red 
and (C) the ER marker Bip in blue. (D^olocalization of Ttvmyc with 6-Copfl is seen in' 
yellow and with Bip in turquoise. 

(E) Apical and (F) basolateral confocal sections of wild ,yp= embryo expressing U,e 
UAS-m^ construe, in ure Hairy domain, to u,ese pane*, Myc satining is shown in 
Sreen and Hh in «d. (G) A P i«l arrd (H) basolaleral confocal section of wild .ype wing 
unagma. disc expressing VAS-H^yc in fte P,cGM domain. In urese panels, Myc 
staimng is shown in red, and Ptc in green. 

Figure 9: Ttv activity is nnt „. T „ red for FGF 

Mesoderm migration visualized by Twi staining in wild type (A and C) and ttv 
embryos (B and D) at stage 9. A and C are ventral views of whole embryos, C and D are 
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Averse sections, h wild type ce„s, Twi stained cells can be seen as a band with smooth 
edge on the ventral side of stage ,0 embtyos and cross sections through these embryos 
show a monoiayer of Twi-stained cells. When FGF signaling is impaired and mesodermal 
m.granon is affected, Twi posittve celis can be seen as a band with a rough edge on the 
ventral side and sections through these embryos win show the celis clustered near the 
ventral midline. 



Fi § ure 10; Ttv activity is not reain^rf fnr w p 

Wg staining in (A) wild type and (B) *, embryo at stage 1 0. En staining in (C) wild 
type and (D) *, embryo at stage 10. SNS was visualized by staining with anti-Crumbs 
anybodies in: (E) wild type, (F) wg , and (G) ttv embryos. Wing unaginal discs which are 
(H) wild type or (I) have a large clone of «v mutant cells stained with Dll to assay for Wg 
diffimoa Wg staining in the epidermis of (J) wild type and (K) ttv mutant embryos. 

FigUre 11: Ttv affects Hh signaling and w. thr mhr . u 

Expression of bap by RNA in situ of wild type (A and B) and ttv embryos (C and 
D). A and B are lateral views, C and D ventral view, Hh staining of endogenous Hh in 
w.ld type (E) and ttv embryos (F). (G) Staining of HhN in ttv embryos expressing HhN 
under control oien promoter (en-GAL4 ; UAS-HhN). (H) ttv embryos expressing en-HhN 
stamed for both Hh in green and En in red. 

Figures 12A and 12B: Models 

(A) HS-GAGs are synthesized by a complex that includes Ttv and specific GAG- 
modafymg enzyme(s) such as a sulfotransferases and C-5 epimerases. Different Ext 
complexes might include specific sulfotransferases not found in complex with other Ext 
proteins. 

(B) Possible roles of HSPGs in Hh movement (see Example 5). 

Detailed TWriptinn nf th» J nvan ti rn 

(i) Overview 

Of particular importance in the development and maintenance of tissue in vertebrate 
ammals is a type of extracellular communication called induction, which occurs between 
netghbonng cell layers and tissues. In inductive interactions, chemical signals secreted by 
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one cdl popu.ation influence the developmental fate of a second eel, population. Tvp.caUy 
cells resting t0 te mductive ^ „ ^ ^ _ ^ ^ ^ ^ 

of which is the same as the fate of the signaling cells. 

GIycosamino 8l ycans are sugars composed of long unbranched chains of rating 
■ .saccharides, sometimes aching hundreds of residues (revved in KjeUen, L. and 
^ahl, U. (1991) teu^J^ mi5) ^ ^ £hains ^ 

inked to a cor. protein forming a proteogiycan. There are two types of UDP-GlcDH- 
dependent glycosa^inoglycans. The giucosaminogjycans, such as heparin and heparan 
sulfate, are synthesized as [G.cA p.,4- 0 ,c NAc „, ^ „ e galactosaniinoglycanSj ^ m 
chondrottin sulfate, are synthesized as [GlcA 01,3- GalNAc cM.4-1, During chain 
elongation, the sugars are modified and ex«ensive Iy sulfated, giving the chains a stong 
negative charge. Different famines wiftin ea ch chain type are generated by vaiying the 
kinds of modifications and the extent of sulfation. 

Numerous studies have demonstrated that proteoglycans can regulate growtt, factor 
and cytokine activity ,„ w,,o. TypicaJly , „. ligand brads „ ^ gIycosanlj „ ogIycan ^ 
on cell surface proteoglycans. This interaction can he ,ui,e strong; for example, the K d for 
fibroblast grcwth fcta (FGF) binding to synd«an, a henaran sulfated proteoglycan, is 
10* M (Moscatelli, D. (1987) LSXUltmuL 13W23-B0; Klagsbmn, M. And Baird, A 
0991) m 67:22,-23,,. G i vai te ^ of ^ ^ ^ fa ^ 

the relative abundance of the latter it is likplv that ™~ ♦ 

u re uner, „ , s lure i y that most secreted growth factors are not 

freely diffusible but are, instead, sequestered on proteoglycans. 

The present invention is directed to the discovery that mere exists proteoglycans 
having specific glycosaminoglycan chains which provide exquisite selectivity for binding 
to particular grow* factor, or cytokines, e.g., growth factor-specific GAG chains. That is 
.here exists in cells proteoglycans tha«,by virtue of the particutar modifications to the GAG 
chains of the protein, selectively bmd one factor (or fami ly or related factors). Moreover 
ft. specificity of the GAG chain structure, which gives rise to tins binding specificity, is 
regulated by a biosynthetic pathway which can be selectively inhibited in order to 
antagonize the activity of a specific growth factor. 

To illustrate, one aspect of the presa,, invention concerns the discovery that 
members of the Ext-family are required for Hh signaling. b panjcular> m ^ „ 
determine the effect of the Ext-family gene, e .g., Ttv, „„ the difhsion of Hh, the invars 
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.-l*-*. function oft. i„ ,he wi „g imagina, ^ of DrosophUa ^ 
«,sc, Hh » expressed in the cells of t he posterior compartment and diffuse to U,e anterior 
compartinen, such d ifM „» may be detected by detecting P a , ch ed (P tc) express™ or 
Cubttus tnterrupms (Ci) stabilization, which are known ,arge,s of m signa)ing „ waJ 
- observed that Hh is u„ab.e to diffuse i„ the absence of Ttv activity. As described in the 
appended examp.es, the Ex, genes encode a family of glycosyitransferase, These 
enzymes synthesize GAG chams attached to the protein core of proteoglycans The 
specific,* of Ttv (a Drosophila Ex, homo.og) ,„ bedgehog signaling suggests the existence 
of hedgehog-specific GAG chain, To account for the specificity of Ttv , 0 hedgehog 
string, as we« as the existence of multiple Ex, genes without apparent redundancy or 
tissue specificity, we propose tha, different Ex, glycosyltransferauces form specific 
complexes in the Golgi wim different GAG modifying enzymes, such as sulfotransferases 
debases and me like. Each complex can generate qualitatively different GAG 
sequences with unique specificity for binding cytokines and other serum proteins ' 

Example 6 (below) Uer illustiates the invention. Characterization of the 
DrosopMa gen. which ^ a homolog rf g ^ ^ 

deacetylas^-sutibtiansferase (a member of a class of enzymes essentia, for me 
mediation of heparan sulfate), revea.s ma, HS proteoglycans are necessary for Wg/Wn. 
stgnalmg. Moreover, we have identified Dally, a GPI-linked Glypican, as the HSPG 
molecuie involved in Wg signaling. Loss of tally activity, bom in me embryo and imagma, 
dtcs, genera.es phenotypes reminiscent ,„ loss of Wg activity, Interestingly, tally is cc 
expressed with the Wg receptor frizzled 2 (Dfz2). m Drosophila, and higher eukaryotes 
our data suggest ma, glypicans serve as co-receptors for me Wn, receptor, e.g frizzled 
pro,e,ns, and together with frizzled proteins, modulate bom short and .ong-range activities 
of Wnt proteins. 

Based on me above understating, one aspect of the present invention provides 
drug discovery assays for identifying agents which can selectively alter me activity of a 
growm factor, cytokine or ofter senrm pro,eins (collectively referred to hereinafter as 
"factors" for ease of reading). In particular, me subjec, assay is designed to identify 
•nhtb.tors of specific modifications of GAG chains, such as partctuar enzymes involved in, 
e.g. .somerization, sulfation, or acerylation which produce factor-specific binding by the 
renting pro.eog.ycan. Such inhibitors can be used to alter the specificity of a 
proteoglycan for binding a particular factor (or family of related factors, by inhibiting 
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specific modifications «o the sugar sequence of «he pro.eog.ycan. In one embodiment toe 
assay ,den,ifies agents which selectively inhibit a sulfotransferase, Dreferab| N . 
deacety,ase/N-su,fotra„sferase, invoived in syndesis of a proteoglycan , ha, binds a 
selected factor - so as to decrease the ability of the proteoglycan to bind the factor 

Another aspect of the present invcntton relates to a method for inhibiting the 
actmty of a factor, „ or in »», by administering a compound which selectively 
mmbits synthesis of the factor-specific giycosaminoglycan in an amount sufficient ,o 
reduce the responsiveness of the treated cell(s) to the factor. Such methods can be used to 
•real, e.g., unwanted cell prohferation or other unwanted effects of a factor 

Ye, another aspect of the present invention provi(fes , ^ for pot 
activtty of a select factor, * w« or ,„ Wv,, by admiring a ^pound which 
selectively inhibits synthesis of GAG chains which bind othe, factors ^ CO m P e,e win, me 
selected facto, without substantially diminishing me syndesis of GAG chains which bind 
the selected factor, to such a manner, the activity offtc factor can be potentiated, e.g., its 
mitogenic, trophic or other activity enhanced. 

h one embodiment, this invention provides drug discovery assays for identifying 
agents which can modulate the biological function of selected factors, such as by (i, 
mhtbttmg the glycosyltransferase activity of an Ext protem , e.g. Bxtl; (ii, inhibiting a 
GAG-modifying activity of an ercyme associated with an Ext protein, eg a 
sulfotransferase; or (hi) inhibiting the interaction of an Ext protein with other enzymes 
mvolved in GAG synthesis, e.g. sulfotransferases. For example, the subject method ca* be 
used to mhibi, hedgehog-mediated signal transduction by u,^ mthais 
specuSc GAG chains, e.g., by Ext-dependen, pathways. Such agents can be useful 
therapeutically ,„ alter the growm, maintenance and/or differentiation of a tissue othenvise 
responsive to hedgehog proteins. For example, the subject inhibitors can be used to 
prevent hedgehog-dependen, proliferation of cells, such as hedgehog-dependent basal cell 
carci^mapCQorom^hedgeho^^ 

example, the subject inhibitors can be used to alter the growth state of a mesodermaily- 
denved tissue, such as cartilage, to particular, this invention provides a meihod for 
■dentifying agents tha, are effective in amielorating a. leas, one symptom of a disorder 
characterized by aberrant bone morphogenesis, such as multiple exostoses 
chondrosarcomas, and/or osteosarcomas. In other embodiments, the invention also helps hi 
.dentifymg agents useful therapeutically ,„ mhioit hedgehog-mediated growth, 
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maintenance and/or afferent of . tissue involved ,„ spennatogOTM . ^ ^ 
denved from dorsa! mesoderm; ectodetmally-derived tissue, such . tjssue derjved fom 
the eptdermis, neural tube, neural crest, or head mesenchyme; endodermally-derived tissue 
such as tissue derived from the primitive gut. 
> In another embodiment, mis inventjon ^ ^ 

■denttfymg agents which can m „ d „,a,e me biologtca. function of selected factors which 
tad to frizzled receptors, such as Wnt proteins. For example, the assays c m be used to 
.dentify inhibitors of Wnt activity by (i) inhibiting Wnt-specfic modification of g.ypicans 
by a GAG-modifytag activity, e.g. inhibiting a glypican-modifying N-deacetylase^- 
sulfottansfer.se; (ii) inhibiting me mleraction of , ^ ^ ^ ^ ^ ^ 

complex; or (iii) inhibiting formation of a a ftizzled-glypican convex capable of binding 
•o a W„, protein. Accordingly, the subject meftod can be used to inhibit Wnt-mediated 
stgnal tiar.sduc.ion by inhibiting synthesis of Wnt-specific GAG chains, e.g., present on 
Wnt-specific glypicans. Such agents can be useful therapeutically to alter the gnowth 
mamtenance and/or differentiation of a tissue ofltenvise responsive to Wnt proteins The 
uientification of modulators of W„, activity are useful in treating disease su.es invoiving 
me Wn. activhy. Such compounds could be of use in .he tteatmen. of diseases in which 
activation or inacuvation of me Wn, prote in result in ehher cellulax probation, ce.l 
dea.h, nonprolifemtion, induction of cellular neoplastic .reformations or metosatic tumor 
grow* and hence could be used in the prevention and/or treatment of cancers such as bone 
and breast cancer for example. 

In ye. another embodiment me present invention provides diagnostic and 
therapeutic assays and reagents for detecting ar>d treating disorders involvmg, for example 
aberrant expression (or loss .hereof, of an Ex. glycosyltransferase gene, abberani 

expression of a My N-deacetylasem-su.fottansf«rase gene, or abberan, expression of a 

glypican. 

(ii) Definitions 

For convenience, certain terms employed in the specification and appended claims 
are collected here. 

As used herein, the term "nucleic acid" refers to polynucleotides such as 
deoxyribonucleic acid (DNA), and, where appropriate, ribonucleic acid (RNA). The term 
should also be understood to include, as equivalents, analogs of either RNA or DNA made 
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from nuclide analog,, and, « applicable t0 „ e 
(sense or antisense) and double-stranded polynucleotides. 

As used herein, the te™ .. ge „e- or . recombjna „ t ge „ e „ ^ ^ a ^ 
comprising an „ P e„ r^ ta encoding a ^ ^ 

(op«,ona lly) intron sequences. A "recombinant gene" refers t „ nucleic acid encoding . 

polypept.de, e.g., comprising coding exon sequences and (optionally) in,™ sequences 

The term "intron" refers to a DNA sequence present in a given gene which is no, translated' 

into protein and is generally found between exons. 

As used herein, me ,erm "transfection" means me miction of . „^ leic M 
> >*. an expression vector, into a recipient eel, by nudeic acid-mediated gene transfer' 

Transformation", as used herein, refers ,o a process in which a cell's genotype ,s changed 
as a result of the cellular uptake of exogenous DNA or RNA, and, for example, me 
tmisformed cell expresses a recombinan, form of a polypeptide or, where anti-sense 
expression occurs from the tiansferred gene, the expression of a natural^urring form 
of the protein is disrupted. 

As used herein, the term "specifically hybridizes" refers to me ability of a nucleic 
acid prob^primer of the invention to hybridize to at leas. .5 consecutive nucleotides of a 
gene, such as a Ex, sequence designated in any one or more of SEQ ID Nos- 1-3 or a 
sequence complement thereto, or naturally occurring muants thereof, such that i, has 
ess man ,5%, preferably less man 10%, a,d more preferaMy less man 5% background 
hybndization to a celhilar nucleic acid (e.g., mRNA or genomic DNA) encoding a protein 
other than a protein, as defined herein. 

As used herein, the term "vector" refers to a nucleic acid molecule capable of 
Tansporting another nudeic acid to which it has been linked. One type of preferred vector 
« an epKome, i.e., a nucleic acid capable of extra*hr„mos„mal replication. Preferred 
vectors are those capable of autonomous replication and/expression of nucleic acids to 
which they are Hnked. Vectors capable of directing me expression of genes to which they 
are operative., linked are referred to herein as "expression vectors". In geneM expression 
vectors of utility in recombinan. DNA techniques are often in the form of "plasmids" 
which refer generally to circular double stranded DNA loops which, in their vector form 
are not bound to the chromosome. In me present specification, "plasmid" and "vector are 
used interchangeably as the plasmid is the most commonly used form of vector However 
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the invention is intended to include such other f nm „ 

wuae sucn otner forms of expression vectors which serve 

equivalent functions and which become known i„ th e art subsequently hereto. 

"Transcriptional regulatory sequence" is a generic term used throughout the 
specification.* refer to DNA sequences, such as initiation signals, enhancers, and 
promoters, which induce or control transcription of protein coding sequences with which 
they are operably linked. In preferred embodiments, transcription of a recombinant 
gene is under the control of a promoter sequence (or other transcriptional regulatory 
sequence) which controls the expression of the recombinant gene in a cell-type in which 
expression is intended. It will also be understood that the recombinant gene can be under 
the control of transcriptional regulatory sequences which are the same or which are 
different from those sequences which control transcription of the naturally-occurring forms 
of Ext genes. 

As used herein, the term "tissue-specific promoter" means a DNA sequence that 
serves as a promoter, i.e., regulates expression of a selected DNA sequence operably linked 
to the promoter, and which effects expression of the selected DNA sequence in specific 
cells of a tissue, such as cells of neuronal or hematopoietic origin. The term also covers 
so-called "leaky" promoters, which regulate expression of a selected DNA primarily in one 
tissue, but can cause at least low level expression in other tissues as well. 

A "chimeric protein" or "fusion protein" is . fusion of a first amino acid sequence 
encoding a first polypeptide with a second amino acid sequence defining a domain (eg 
polypeptide portion) foreign to and not substantially homologous with any domain of the 
firsst protem. A chimeric protein may present a foreign domain which is found (albeit in a 
different protein) in an organism which also expresses the first protein, or it may be an 
"interspecies", "intergenic", etc. fusion of protein structures expressed by different kinds of 
organisms. In general, a fusion protein can be represented by the general formula X-P-Y 
wherem P represents a portion of the fusion protein which is derived from a first protein' 
and X and Y are, independently, absent or represent amino acid sequences which are not 
related to the P sequences in an organism. 

The term "substantially homologous", when used in connection with amino acid 
sequences, refers to sequences which are substantially identical to or similar in sequence 
giving nse to a homology in conformation and thus to similar biological activity. The term 
is not intended to imply a common evolution of the sequences. 
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The ..n, "percent identica| .. refas „ ^ ^ 

sequel or between ,w 0 nucleotide ^ ^ ^ ^ 

companng a position in each sequence which may be a,ig„ed for purposes of comparison 
When an equtvalen, position in the compared seqlMIKK „ by ^ ^ ^ 

ammo acd, men the nucules are identical a. that position; wnen me 
occup.ed by the same or a simiiar amino acid residue (e.g., similar m steric ^ 
election* nature,, .hen the molecules can be referred ,o as homdogous (similar) „ iha, 
position. Expression as a percentile of homology/similarity or identity refers to a function 
of the number of identical or similar amino acids a, positions shared by the compared 

ZT m If S a " Sm, ' eM al80 * hmS -4 including 

FAST A, BLAST or ENTREZ. FASTA 1 BLAST are available as a par, of the GCO 
sequence analysis package (University of Wisconsin, Madison, Wis.), and can be used 
w.<h, e.g., default settings. ENTREZ is available through the National Center for 
B.otechnology Information, National Library of Medicine, National Institutes of Health, 
Bethesda, Md. In one embodiment, the percen, identity of wo 
de.emm.ed by (he GCG program with a gap weigh, of 1, e.g., each amino acid gap is 
we.gh.ed as if i. were a single amino acid or nucleotide misma.cn between the ^ 
sequences. 

The term "ortholog" refers to genes or proteins which are homologs via speciation 
e.g., closely related and assumed to have common descent based on structural and 
funcUonal considerations. Orthologous proteins function as recognizably the same activity 
in different species. 

The term "paralog" refers to genes or proteins which are homologs via gene 
duration, e.g., duplicated variants of a gene within a genome. See also, Fritch WM 
(1970) Syst Zool 19:99-1 13. 

The term "Ext-family protein" or "Ext-family polypeptide" refers to a family of 
polypephdes characterized at least in part by being identical or sharing a degree of 
sequence homology with all or a portion of the Ext-family polypeptides represented in any 
of SEQ ID Nos: 4-6. The Ext-family polypeptides can be cloned or purified from any of a 
number of invertebrate or vertebrate organisms, especially vertebrates, and particularly 
mammals. Moreover, other Ext-family polypeptides can be generated according to the 
present invention, which polypeptides do not ordinarily exist in nature, but rather are 
generated by non-natural mutagenic techniques. 
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As used herein, the term "vertebrate hedgehog protein" refers to vertebrate inter- 
cellular scaling molecules related to ihz drosophila hedgehog protem. Three of the 
vertebrate hedgehog proteins, Desert hedgehog (Dhh), Sonic hedgehog (Shh) and Indian 
hedgehog (Ihh), apparently exist in all vertebrates, including amphibians, fish, birds and 
mammals. Other members of this family, such as Banded hedgehog, Cephalic hedgehog 
nggy-mnkle hedgehog, and echidna hedgehog have been so far identified in fish and/or 
ampmbians. Exemplary hedgehog polypeptides are described in PCT applications 
W096/17924, W096/16668, W095/18856. 

Hie terms " Wnts" or "Wnt gene product" or " Wnt polypeptide" when used herein 
encompass native sequence Wnt polypeptides, Wnt polypeptide variants, Wnt polypeptide 
fragments and chimeric Wnt polypeptides. The definition specifically includes human Wnt 
polypeptides, Wnt -1, 2, 3a, 3b, , 4, 5a, 5b, 6, 7a, 7b, 8a, 8b, 10a, 10b, 1 1, and 12. 

As used herein, the terms "transforming growth factor-beta" and "TGF- » denote a 
family of structurally related paracrine polypeptides found ubiquitously in vertebrates and 
prototypic of a large family of metazoan growth, differentiation, and morphogenesis factors 
(see, for review, Massaque et al. (1990) Ann Rev Cell Biol 6:597-641; and Spom et al 
(1992) J Cell Biol 1 19:1017-1021). Included in this family are the "bone morphogenetic 
proteins" or "BMPs", which refers to proteins isolated from bone, and fragments thereof 
and synthetic peptides which are capable of inducing bone deposition alone or when 
combined with appropriate cofactors. Preparation of BMPs, such as BMP-1, -2, -3, and -4, 
is described in, for example, PCT publication WO 88/00205. Wozney (1989) Growth Fact 
Res 1:267-280 describes additional BMP proteins closely related to BMP-2, and which 
have been designated BMP-5, -6, and -7. PCT publications WO89/09787 and 
WO89/09788 describe a protein called "OP-1," now known to be BMP-7. Other BMPs are 
known in the art. 

"Cells," "host cells" or "recombinant host cells" are terms used interchangeably 
herein. It is understood that such terms refer not only to the particular subject cell but to the 
progeny or potential progeny of such a cell. Because certain modifications may occur in 
succeeding generations due to either mutation or environmental influences, such progeny 
may not, in fact, be identical to the parent cell, but are still included within the scope of the 
term as used herein. 

As used herein, "phenotype" refers to the entire physical, biochemical, and 
physiological makeup of a cell, e.g., having any one trait or any group of traits. 
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By '•enhandng different of a «„. js mean , ^ ^ of .^.^ ^ ^ ^ 
Ih. acqursition or potion of one „ r more charac.eris.ics or tacti „ m ^ ^ ^ 
*•> of the original cell (i.e., ce „ S peciali 2 a.io„). This can bo de.ec,ed by screening for a 
change ,n ,he phenolype of a. cell (e.g., identifying morphologica! changes i„ a. cc „ 
5 and/or surface markers on the cell). 

By "enhancing survival or maintenance of a cell" encompasses the step of 
increasing the extent of the possession of one or more characteristics or functions which 
are the same as that of the original cell (i.e., cell phenotype maintenance). 

The terms "induction" or "induce", as relating to the biological activity of a growth 
10 factor, cytokine or other factor, refers generally to the process or act of causing to occur a 
specific effect on the phenotype of cell. Such effect can be in the form of causing a change 
m the phenotype, e.g., proliferation, differentiation to another cell phenotype, secretion or 
can be m the form of maintaining the cel., e.g., preventing dedifferentation or promoting 
survival of a cell. 

15 As used herein, the term "target tissue" refers to connective tissue, cartilage, bone 

tissue or limb tissue, which is either present in an animal, e.g., a mammal, e.g., a human or 
is present m in vitro culture, e.g., a cell culture. 

An "effective amount" of an agent, with respect to the subject method of treatment 
refers to an amount of agonist or antagonist in a preparation which, when applied as part of 
» a desired dosage regimen, provides modulation of growth, differentiation or survival of 
cells, e.g., modulation of skeletogenesis, e.g., osteogenesis, chondrogenesis, or limb 
patterning, spermatogenesis, and neuronal differentiation. 

A "patient" or "subject" to be treated can mean either a human or non-human 

animal 

5 The term "small organic molecule" refers to a non-peptide, non-nucleotide organic 

compound having a molecular weight less than 7500amu, more preferably less than 
2500amu, and even more preferably less than 750amu. 

As used herein, a "reporter gene construct" is a nucleic acid that includes a "reporter 
gene" operatively linked to a transcriptional regulatory sequences. Transcription of the 
> reporter gene is controlled by these sequences. The activity of at least one or more of these 
control sequences is directly or indirectly regulated by a signal transduction pathway 
involving a phospholipase, e.g., is directly or indirectly regulated by a second messenger 
produced by the phospholipase activity. The transcriptional regulatory sequences can 
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inch* a proper and other regulatory region, such * enhancer seque „ ces modu|a(e 
the activity of the promoter, or regulatory sequences tot modulate the activity or 
efficiency of the RNA polymerase tha, recognizes the promoter, or regulatory sequent 
that are recognized by effector molecules, hiding those tha, are S peci„cal Iy induced 
i upon activation of a phosphohpase. For example, modulation of the activity of the 
promoter may be effected by altering the RNA polymerase binding ,„ the promoter region 
or, alternatively, by interfering with initiation of transcription or elongation of the mRNA 
Such sequences are herein collectively referred ,„ as transcriptional regulatory elements or 
sequences. In addition, the construct may include sequences of nucleotides that alter the 
stab,!,* or rate of translation of the resulting mRNA m response to second messages, 
thereby altering the amount of reporter gene product. 

- The term "isolated" as also used herein with respect to nucleic acids, such as DNA 
or RNA, refers to molecules separated from other DNAs, or RNAs, respectively that are 
present m the natural source of the macromolecule. For example, an isolated nucleic acid 
encodmg a polypeptide preferably includes no more than 10 kilobases (kb) of nucleic acid 
sequence which naturally immediately flanks the gene in genomic DNA, more preferably 
no more than 5kb of such naturally occurring flanking sequences, and most preferably less 
than l.Skb ofsuch naturally occurring flanking sequence. The term isolated as used herein 
also refers to a nucleic acid or peptide that is substantially free of cellular material or 
culture medium when produced by recombinant DNA techniques, or chemical precursors 
or other chemicals when chemically synthesized. Moreover, an "isolated nucleic acid" is 
meant to include nucleic acid fragments which are not naturally occurring as fragments and 
would not be found in the natural state. 

The practice of the present invention will employ, unless otherwise indicated 
conventional techniques of cell biology, cell culture , molecular biology, transgenic 
biology, m 1C robiology, recombinant DNA, and immunology, which are within the skill of 
the art. Such techniques are explained fully in the literature. See, for example, Molecular 
ClomngA Laboratory Manual, 2nd Ed., ed. by Sambrook, Fritsch and Maniatis (Cold 
Spnng Harbor Laboratory Press: 1989); DNA Cloning, Volumes I and II (D. N. Glover ed., 
1985); Oligonucleotide Synthesis (M. J. Gait ed., 1984); Mullis et al. U.S. Patent No' 
4,683,195; Nucleic Acid Hybridization (B. D. Hames & S. J. Higgins eds. 1984)- 
Transcription And Translation (B. D. Hames & S. J. Higgins eds. 1984); Culture Of 
Animal Cells (R. I. Freshney, Alan R. Liss, Inc., 1987); Immobilized Cells And Enzymes 

-23- 



WO 99/50385 

PCT/US99/06892 

(IRL Press, 1986); B. Perbal, A Practical Gui de To Molecular Cloning (1984); the treadse 
Methods In Enzymology (Academic Press, Inc., N.Y.); Gene Transfer Vectors For 
Mammalian Cells (J. H. Miller and M. P. Calos ed,, 1987, Cold Spring Harbor 
Laboratory); Methods In Enzymology, Vols. 154 and 155 (Wu et al. eds.), Immunochemical 
Methods In Cell And Molecular Biology (Mayer and Walker, eds., Academic Press 
London, 1987); Handbook Of Experimental Immunology, Volumes I-IV (D. M Weir and 
C. C. Blackwell, eds., 1986); Manipulating the Mouse Embryo, (Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, N.Y., 1986). 

(Hi) Illustrative Embodiments 

A. Drue-Screening Assays 

The present invention provides drug screening assays for identifying 
pharmaceutically effective compounds that specifically potentiate or inhibit the activity of 
a growth factor, cytokine or other serum protein. One aspect of the present invention is 
directed to methods for screening compounds which inhibit the synthesis of factor- 
selective glycosaminoglycan chains, e.g., by inhibiting one or more glycosyltransferases 
wh,ch are essential and/or specific for synthesis of a factor selective GAG. A "factor- 
selective GAG" is one which confers a selective binding activity to a proteoglycan for a 
selected factor. Thus, for example, a factor-selective GAG can be characterisexed by it 
ab,hty to confer a K d for binding to a selected factor (or family of related factors) which is 
at least one order of magnitude, more preferably two, three or four orders of magnitude less 
than the K d for other factors which are unrelated to the selected factor. In other 
embodiments, the factor-selectivity of the GAG chain may be characterized by its ability to 
confer an IC 50 or EC 50 for an activity of the selected factor which is at least one order of 
magnitude, more preferably two, three or four orders of magnitude less than the IC 50 or 
EC 50 for other factors which are unrelated to the selected factor or relative to the absence 
of the specific GAG chain. An "unrelated factor" is one which does not share sufficient 
homology or biological activity to be considered an ortholog or paralog of the selected 
factor, e.g., it may be less than 50, 60, 70, 80 or 90 percent identical to the selected factor. 

In certain illustrative embodiments, the assay can be formated to identify an 
inhibitor of a glycosyltransferase(s) . such as, for example: an N- 
acetylgalactosaminyltransferase (GalNAc transferase) such as EC 2.4.1.40, EC 2.4.1 92 
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EC 2.4.1.41; an N-acetylglucosaminyltransferase (GlcNAc transferase) such as EC 
2A1.101, EC 2.4.1,43, EC 2.4.1,44, EC 2.4„ 55; m N-acetylglucosaminyl-l- 
phosphate transferase (GlcNAc-l-P transferase) such as EC 2.7.8.15; a Fucosyltransferase 
(Fuc transferase) such as EC 2.4.1.69, EC 2.4.1.65; a galactosyltransferase (Gal 
transferase) such as EC 2.4.1,51, EC 2.4.1.90, EC 2.4.1.22, EC 2.4.1.37, EC 2 4 1 45- a 
Glucosyltransferase (Glc transferase) such as EC 2.4.1, 17; a glucuronyltransferase such'as 
EC 2.4.1.17; a Mannosyltransferase (Man transferase) such as EC 2.4.1.83, EC 2 4 1 109 
an oligosaccharyltransferase such as EC 2.4.1, 19; a sialyltransferase (NeuAc transferase)' 
such as EC 2.4.99.4, EC 2.4.99.6, EC 2.4.99.1, EC 2.4.99.3, EC 2.4.99.8. Extl and Ext2 
are similar to glucuronyl/N-acetylglucosaminyl transferase 

In one preferred embodiment, the assay is formated to identify inhibitors of one or 
more glycosaminoglycan sulfotransferases or glycosaminoglycan deacetylases 
Glycosaminoglycan N-deacetylases^-sulfotransferases are structurally related enzymes 
that play an important role in the biosynthesis of heparan sulfate and heparin. They are dual 
catalytic, single membrane-spanning polypeptides of approximately 850-880 amino acids 
that catalyze the N-deacetylation of N-acetylglucosamine of glycosaminoglycans followed 
by N-sulfation of the same sugar. These enzymes play a pivotal role in the biosynthesis of 
heparan sulfate and heparin. Such an enzyme was first purified and cloned from rat liver 
(Brandan et al. (1988) J. Biol. Chem 263:2417; Hashimoto et al. (1992) Oiol^Chem 
267:15744), and subsequently isoforms were cloned from mouse mastocytoma cells 
(Orellana et al. (1994) J. Biol. Chem , 269:2270), the mouse tumor (Eriksson et al. (1994) L 
BloL^en, 269:10438), as well as human tissues (Gladwin et al. (1996) G^nornics 
32:471). Experiments in vitro and in situ have shown that a single polypeptide chain of 
approximately 900 amino acids mediates the above two reactions without any additional 
proteins or cofactors (Wei et al. (1993) PN^S 90:3885; Mandon et al. (1994) J. Biol. 
Chan, 269:1 1729; and Orellana et al., supra). 



In preferred embodiments, the sulfotransferase is selected from amongst the EC 
^nzyme Commission) sulfotransferase sub-subclass 2.8.2,, e.g., an aryl sulfotransferase 
<MC 2.8.2.1) an arylamine sulfotransferase (EC 2.8.2.3), a chondroitin 4-sulfotransferase 
(HC 2.8.2.5), a UDP-N-acetylgalactosamine-4-sulfate sulfotransferase (EC 2 82 7) a 
desulfoheparin sulfotransferase (EC 2.8.2.8), a galactosylceramide sulfotransferase (EC 
2.8.2.11), a heparitin sulfotransferase (EC 2.8.2.12), a chondroitin 6-sulfotransferase (EC 
2.8.2.17), a tnglucosylalkylacylglycerol sulfotransferase (EC 2.8.2.19), a keratan 
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10 



15 



.ifttnta. (EC 2.8.2.2!,, an ^lsu, fete ^transferase (EC 2.8.2.22) a heparin 
glucosamine 3-O-sulfotransferase /TP ? « o -m a „ nepann- 
(EC 2.8.2.24). ^ (EC 2<8 ? 23 )' or a desulfoglucosinolate sulfotransferase 

In a prefen-ed embodiment, the glycosyltransferase is an N-deacetylase (EC 3 1 M 
/ N-sulfotransferase (EC 2.8.2.-). " " ' 

In a preferred embodiment, the glycosyltransferase is sulfotransferase which 
mteracts w lt h an Ext protein and/or is essential for hedgehog-specific GAG chains. 

In a preferred embodiment, the glycosyltransferase is sulfotransferase which is 
essentia for Wnt-specific GAG chains, e.g., is essentia, for syntheses of glyphs wMch 
selectively mteract with Wnt proteins. 

Tables T^TT*"" WWCh ^ bC in *• »** « d -nbed in 
Tab es 1 and . The subject assay can also be carried out using related homologs, e.g., 
which are at , east 75, 85, 90 or 95 percent identical to one of the sulfotjf Je 
enumerated herein, or which hybridize under under stringent to highlyT^ 
hybridization and wash conditions (e.g., 2 x SSC at 50°C to 0.2 x SSC at 50°C). 



Table 1 



Enzyme 


Reference 


Chondroitin-6-sulphotransferase 


Fulcuta etal (1995) J. Biol. Chem. 270:18575- 
18580 


Glycosaminoglycan N-acetylglucosamine N- 
deacetylase/N-sulphotransferase 1 


Dkon et al (1995) Genomics 26:239-241 
Hashimoto et al ( 1 992) J. Biol. Chem. 
267:15744-15750 


Glycosaminoglycan N-acetylglucosamine N- 
deacetylase/N-sulphotransferase 2 


Orellana et al (1994) J. Biol. Chem. 269:2270- 
2276 

Eriksson et al (1994) J. Biol. Chem. 
269:10418-104^ 


Table 2 


Enzyme 


NCBI ENTREZ Accession* 


heparan sulfate n-deacetylase/n- 
sulfotransferase 3 (Homo sapiens] 


■ 4322247 
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n-deacetylase/n-sulfotransferase (heparan 

filuCOSaminvn fHnmn cflnipn^l 


4505353 


n-deacetylase/n-sulfotransferase (heparan 
glucosaminyl) rHnmn sanipml 


4505351 


heparan sulfate n-deacetylase/n- 
sulfo transferase 1 TA/fnc mne/»iii«*ii 


4322251 


Heparan sulfate n-deacetylase/n- 
SUlfbtran^fpracA fn km a 


1708322 


heparan sulfate n-deacetylase/n- 
sulfotransferase 2 fMus musculus] 


4322249 


heparin/heparan sulfate n- 
acetylglucosaminyl n-deacetylase/n- 
sulfotransferase \Bos taurusl 


3885496 


heparan sulfate glucosaminyl n- 
deacetylase/n-sulfotransferase; dasM [Mus 
mu^iilncl 1 


3136148 


heparan glucosaminyl n-deacetylase/n- 
sulfotransferase-2 ["Homo qanipn<0 


2792518 


heparan sulfate-N-deacetylase/N- 
■juiimiaiioicrdsc - numan 1 


2135335 


Heparin sulfate n-deacetylase/n- 

SulfotmncfpTQco (y\ liflnA 1 


1708324 


Heparin sulfate n-deacetylase/n- 

SUlfotransff»rn^f» (r\ ViecA 1 


1708323 


heparan n-deacetylase/n-sulfotransferase-2 


1036799 


heparan n-deacetylase/n-sulfotransferase-l 
[Homo sapiens] 


1036797 


heparan sulfate-N-deacetylase/N- 
sulfotransferase fHomo sapiens] | 


976372 


heparan sulfate N-deacetylase/N- 
sulfotransferase [Homo sapiensl 1 


841164 
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mastocytoma glucosaminyl N- 
deacetylas e/N sulfotransferase - mouse 

glycosaminoglycan N-acetylglucosaminyl 

N-deacetylase (EC 3. 1 . 1 .-) / N- 
— sulfotransferas e (EC 2.8.2.-) - mouse 

glucosaminyl n-deacetylase [Mus 
musculus] 

glycosaminoglycan N-acetylglucosaminyl 
N-deacetylase/N-sulfotransferase [Mus 
musculus] 

N-hepara n sulfate sulfotransferase - rat 

N-heparan sulfate sulfotransferase [Rattus 

norvegicus] 

heparan sulfate-N-deacetylase/N- 
sulfotransferase - human 



2135335 



♦The Entrez Browser is provided by the National Center for Biotechnology Information 

The subject assay can be carried out by any of a variety of drug screening 
technique, Such assays can be used to identify agents, especially small organic molecules 
(preferably <750 amu) which either potentiate or inhibit the glycosyltransferase activity of 
one or more enzymes involved in synthesis of a factor-selective GAG chain. The enzymes 
or fragments thereof, may either be free in solution, affixed to a solid support, or provided 
in a host cell. For each of the assay embodiments set out herein, the assay is preferably 
repeated for a variegated library of at least 100 different test compounds, though preferably 
hbraries of at least 1 0 3 10 S 10 7 a„ d I0 9 compunds ^ ^ ^ ^ ^ 
be, for example, small organic molecules, and/or natural product extracts. 

In an exemplary cell-free embodiment, a selected glycosyltransferase is isolated in 
solunon, e.g., as a reconstituted (or otherwise purified) protein preparation or from a cell- 
lysate. The enzyme is contacted with an appopriate substrate and a test compound, and rate 
of the enzyme-mediated conversion of the substrate to product is assessed and compared to 
the rate of conversion in the absense of the test compound. 
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In the case of an N-deacetylase (EC 3.1.1,)/ N-sulfotrar*ferase, a variety „f assays 
have been develop* in the an to de,ec, such activities and can be readily adapted for use 

in the subject methods. 

In one embodiment, N-deacetylase activity can be measured by determining the 
release of [3 H ]ace«a te from N-[3H]ace<vla<ed.polysaccharide, ,g., isolated from E coli 
K5.der.ved capsular polysaccharide as described (Same et al„ (1991) J. Biol. Chem 
266:12461-12468,). N-sulfotransferase and O-sulfotransferase activities can be measured 
by determining 35s0 4 -mc<,rpora,ion into N-desulfated heparin and completely desulfated, 
N-resulfated heparin, respectively, 4om 35 S .,abeled adenosine 3>hospha,e phosphosulfate 
(PAPS) as described (Ishihara et A, (1992) AiM^iaciejn, 206:40<M07). 

Another assay format for sul&transferase activity which can be readily adapted for 
»*= m the subject drug screening assays is descibed by 

httpV/ww.panvera.com/tech*rotocols/p2435lit.html. Briefly, the assay uses the 

following reagents 

BSA andto m^oSr^'™ ""^ ""»*• «* 1-5 mg/m, 

/7^7 e:al:1VOWol ^ toeof01MBa (°H)2and0a^ 

made fresh each day. 

The steps are as follows: 

^ Place 10 ul of substrate/additive into a 1.5 ml microfuge tube and leave on 
2. Add 1 00 nl of enzyme in dilution buffer 

° f 50 ° f " C0CWI " - * im (ta8h - 

4. Incubate at 37°C for 20 minutes 

fdd 50 2 TlM^n 011 hy *f m of 100 ^ of ^top mixture", vortex. H» 
add 50 ul 0.1 M ZnS0 4 and vortex again. You should see a precipitate form 

7 a S^ 8 f/° r 3 minUtes at maximum speed in a microfuge 

7. Add 50 ul 0.1 M Ba(OH) 2 to the tube, vortex. Then add 50 ul 0.1 M ZnS0 4 

and vortex again. 4 

300 u 1 {0 \ 1 ° 3t maximUm s P eed in a microfuge and aliquot 

300 ul of the supernatant mto a scintillation vial. Add 5 ml of scinullant and count. 

Sulfotransferases can show some degree of overlapping substrate specificity It is 
therefore important to perform experiments under linear conditions and define the kinetic 
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te substraK beforc making condusions about 

Ah. these enzymes can show signiflcant substrale ^ . ( ^ ^ ^ 

try a variety of substrate concentrations. 

In ano.be, illustrative embodiment, a cell-free assay for ^-glucuronic add 
' (S'ngh * al. (.980) Bjochema .89:369) can be utilized for determining 

dehydrogenase activity. The assay for UDP-glucuronic acid, a product of UDP-gtacose 
dehydrogenase, is based on the .Wmetric deteImuJatjon rf D . g , u 
benzo(a)pyrene. This compound is formed from UDP-ghcuronic acid and 3- 
hydroxyben^ajpyrene in a reaction catalyzed by the glycuronosyl transferase of guinea 
TO microsomes. Unreacted 3-hydroxybenz„(a)pyre„e is removed by extraction with 
chloroform-methanol, and me amount of gluconosylbenzofajpyrene formed is determined 
iluorometncally. See also Burrows et al. (1983) ABaiBjacJisja 130-376-8 

Davies e, a.. (1972) AimLBifieiem 47):209-17 describes a radiochemical assay for 
UDP-glucose dehydrogenase which can be used in the subject drug screening assays 

In sttll other embodiments, the drug screening assay can be carried out in a cell- 
based format. In a preferred embodiment, a cell (e.g., a ettaryotic cefl) includes a reporter 
gene which is regulated by the selected factor, e.g., its expression is induced or reused 
by hedgehog, a Wnt or other growth factor or cytokine. The cel. is preferably engineered 
to express one or more of, a proteoglycan which can specifically interact with the selected 
factor, and/or a glycosyltransferase which is essential for generating a factor-se.ective 
GAG chain. For example, the cell can be engineered to express a recombinant EXT or 
sulfotransferase which interacts therewith, or a glypican or ^transferase which modifies 
the GAG chain(s) of the glypican. The cell is contacted with a test agent(s), and the level 
of expresston of toe reporter gene is assessed. An change in the level of expression of the 
reporter gene, relative to the control of no test agent, mdicates that the test agent is able to 
modulate (potentiate or inhibit) the activity of selected factor. 

to still other embodiments, the invention provides drug screening assays which are 
capable of identifying agents mat can disrupt the glypican-dependen, interaction between a 
Wnt protetn it cognate receptor, e.g., with a fiizzled protein, or which inhibit the formation 
of glyptcan-frizzled receptor complexes. An exemplary drug screening assay of the present 
mvention includes the steps of (a) forming a reaction mixture including: (i) a Wnt 
Polypeptide, (ii) glypican-frizzled complex, and (iii) a test compound; and (b) detecting 
mteraction of the Wnt polypeptide with the complex. A stittistically significant change 
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(po.entia.ion or inhibition) in .he inaction of the Wm polypeptide with the complex in 
me presence of tire tes, compound, relative .0 tire in.eraction in fte absence of thc test 
compound, indica.es a po.en.ial agonist (mimetic or po.entia.or) or anagonis, (inhibitor) of 
Wn, b.oactivity for me .es. compound. The reaction mixture can be a ceh-See pro.ein 
5 preparation, e.g., a reconstituted protein mixture or a cell Iysa.e, or i, can be a recombinan. 
cell mcluding a heterologous nudeic acid recombinant* expressing me glypican 
polypeptide. 

Where the drug screening assay is a c=U-ftee system, it can be, eg a cell 
membrane preparation, a reconstituted protein mixture, or a liposome reconstituting the 
l receptor subunits as a Wn, receptor. For insance, the protein subunits of a Wn, receptor 
complex (including me glypican component) can be purified from detergent extracts from 
boto authentic and recombinant origins can be reconstituted in artificial hpid vesicles (e . 
Phosphatidylcholine liposomes) or in cell membrane^erived vesicles (see, for example' 
Bear et al. (»») SM 68:809-8,8; Nekton e, al. (1983, fiestas 22:6, 10-6, ,7- and 
R*er « al. (,987) Iflollta 262:1 ,369-„374). The tareUar structure and size of the 
resulting liposomes can be characterized using election microscopy. External orientation 
of the receptor in the reconstituted membranes can be demonstrated, for example by 
rmmunoelection microscopy. The interaction of a Wnt protein with liposomes containing 
such glypican-fczzled complexes and liposomes without the protein, in the presence of 
candidate agents, can be compared in order to identify potential modulators of the 
interaction. 

In yet another embodiment, the drug screening assay is derived to include a whole 
cell expressing a recombinant glypican polypeptide. The ability of a test agent to alter the 
■ctmty of the glypican-fiizzled complex can be detected by analysis of the recombinant 
cell. For example, agonists and antagonists of the receptors biological activity can by 
detected by scoring for alterations in growth or differentiation (phenotype) of the cell 
General techniques for detecting each are well known, and will vary with respect to the 
source of the particular reagent cell utilized in any given assay. For the cell-based assays 
the recombinant cell is preferably a metazoan cell, e.g., a mammalian cell, e.g., an insert 
cell, e.g., a xenopus cell, e.g., an oocyte. In other embodiments, the receptor can be 
reconstituted in a yeast cell. 

In an exemplary embodiment, a cell which expresses the recombinant receptor 
can be contacted with a Wnt protein which is capable of inducing signal transduction from 
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the receptor, and the resulting signaling detected either at various points in the pathway or 
on the bas 1S of a phenotypic change to the reagent cell. A test compound which modulates 
that pathway, e.g., potentiates or inhibits, can be detected by comparison with control 
expenments which either lack the receptor or lack the test compound. For example, visual 
inspect™ of the morphology of the reagent cell can be used to determine whether the 
b.ological activity of the glypican-dependent Wnt pathway has been affected by the added 
agent. 

In addition to morphological studies, change(s) in the level of an intracellular 
second messenger responsive to signaling by the glypican complex can be detected For 
example, in various embodiments the assay may assess the ability of test agent to cause 
changes in phosphorylation patterns, adenylate cyclase activity (cAMP production) OTP 
hydrolysis, calcium mobilization, and/or phospholipid hydrolysis (IP3, DAG production) 
upon receptor stimulation. A reporter gene can also be provided in the cell, being selected 
to include a transcriptional regulatory element which is responsive to glypican-dependent 
Wnt signal transduction. 

Simple competitive binding assays can also be used to assess the ability of a test 
compound to inhibit formation of glypican- Wnt complexes in cell-free mixtures. 

After identifying certain test compounds as being active in one of the subject 
assays, the practitioner of the subject assay will continue to test the efficacy and specificity 
of the selected compounds both in vitro and in vivo. Whether for subsequent in vivo 
testing, or for administration to an animal as an approved drug, agents identified in the 
subject assay can be formulated in pharmaceutical preparations for in vivo administration 
to an animal, preferably a human. 

B. Sources of fl enes and Prntmng 

It is contemplated by the present invention that the cloned Ext-family genes set out 
m the appended sequence listing, in addition to representing an inter-species family of 
related genes, are also each part of an intra-species family. That is, it is anticipated that 
other paralogs of the human and Drosophila Ext-family proteins exist in those animals, and 
orthologs of each Ext-family gene are conserved amongst other animals. 

According to the appended sequence listing, (see also Table 3) human Ext-1 is a 
polypeptide encoded by a nucleic acid represented by SEQ ID No.l; human Ext-2 is 
encoded by the nucleic acid SEQ ID No: 2; Ttv polypeptide is encoded by SEQ ID No: 3. 
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Table 3 

Guide to Ext-family sequences in Sequence Listing 





Nucleotide 


Amino Acid 


Human Ext-1 


SEQ ID No. 1 


SEQ ID No. 4 


Human Ext-2 


SEQ ID No. 2 


SEQ ID No. 5 


Drosophila Ttv 


SEQ ID No. 3 


SEQ ID No. 6 



A human Ex,-, gene has been , 0Mlized t0 ^ 
Ext-2 |b Bank Accession No. U62740) ha, been locahzed to „ pl ,., 3 , and human Ext . 
3 ta b-. Iodized to 19p . other Ext famUy members ilKlude , bllt ae „„, ^ ^ 

f^o,f "' ^ AKeSSi ° n AB ° 07042) ' EXK2 «*"• B ** Accession No 
— ), E*t2, (Gen. Ban. Accession No. U72263), ExtL (Ge, Ba* Accession No 

TmiZr (Ge "' Bank N °' U76188> ^ (Ge "' Bank 

The coding sequence for the Drosophile daily protein can found as GenBank 
accession U3.985, and is also described by Nakato e. a,. (,995) 121 . 3687 
T* drosophua dally protein is c ,ose,y reiated to the mammata g lypican proteins' 
parhcuMy human gly pican 5. The codin g sequence for humail 6lypican , „ M 
herem as SEQ IS No. 7, and the corresponding protein sequence as SEQ DNolOfc, 
exemplary mammalian glypicans, or reUted proteins, which can be used in the subject 
assays are set forth in Table 4 



Table 4 



Enzyme 

glvoican 1 fHomo sapiensl ~~ 


NCBI ENTREZ Accession* 


glypican- 1 precursor 

glypican- 1 precursor 

heparan sulfate proteoglycan 

glypican 1 precursor - human 


4504081 
1707999 

462190 

227480 

106224 


glypican (Homo sapiens] 

glypican 4 fHomo sapiens] 

glypican-4 [Homo sapiens] 


31847 
4504083 
3831547 


glypican 4 [Homo sapiens] 

heparan sulfate proteoglycan - rat 


3420277 

2143780 
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k-glypican [Mus musculus] 



glypican fRattus norvegicus] 



heparan sulpha te proteoglycan 



glypican [Homo sapiens] 



GTR2-2 ge ne product fHomo sapiens] 



758627 



506417 



1245417 



1237181 



mxr7 [Homo sapiens] 



intestinal prot ein OCI-5 [Ratt us norvegicus] 



556647 



developmen t-specific protein OCI-5 - rat 



cerebroglycan 



205800 



111579 



740477 



*The Entrez Browser is provided by the National Center for Biotechnology Information 

Another aspect of the invention relates to the use of the isolated nucleic acid in 
"antxsense" therapy. As used herein, "antisense" therapy refers to aciministration or ,„ situ 
generate of oligonucleotide probes or their derivatives which specifically hybridize (e g 
binds) under cellular conditions, with the cellular mRNA and/or genomic DNA encoding a 
Ext, a glypican, or a glycosyltransferase essential to synthesis of a factor-selective GAG 
cham, so as to inhibit expression of that protein, e.g. by inhibiting transcription and/or 
translation. The binding may be by conventional base pair complementarity, or, for 
example, m the case of binding to DNA duplexes, through specific interactions in the 
major groove of the double helix. In general, "antisense" therapy refers to the range of 
techmques generally employed in the art, and includes any therapy which relies on specific 
binding to oligonucleotide sequences. 

An antisense construct of the present invention can be delivered, for example, as an 
expression plasmid which, when transcribed in the cell, produces RNA which is 
complementary to at least a unique portion of the cellular mRNA which encodes a the 
targeted protein. Alternatively, the antisense construct is an oligonucleotide probe which is 
generated ex vivo and which, when introduced into the cell causes inhibition of expression 
by hybridizing with the mRNA and/or genomic sequences. Such oligonucleotide probes 
are preferably modified oligonucleotides which are resistant to endogenous nucleases e g 
exonucleases and/or endonucleases, and are therefore stable in vivo. Exemplary nucleic 
acd molecules for use as antisense oligonucleotides are phosphoramidate, phosphothioate 
and methylphosphonate analogs of DNA (see also U.S. Patents 5,176,996; 5,264,564; and 
5,256,775), or peptide nucleic acids (PNAs). Additionally, general approaches to 
constructing oligomers useful in antisense therapy have been reviewed, for example by 
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Var, der Krol e. a!. (,988) Biotechniques 6:95S . m , ^ Stej „ „ a , , 
48:2659-2668. 



C Diagnostir. Applications 

The present meted also provides a method for determining ifa subject is at risk for 
a dtsorder characterized by aberrant apoptosis. cell proliferation and/or differentiation to 
preferred embodiments, method can be generally characterized as comprising detecdng in 
a sample of cells from the subject, the presence or absence of a genetic lesion characterized 
by a. leas, one of (i) an alteration affecting the integrity of a gene encoding a £»-pr„«ein 
or 00 th. mis-expression of the *, gene or gfypican gene. To illustrate, such genetic' 
lestons can be detected by ascertaining the existence of a. leas, one of (i) a deletion of one 
or more nucleotides from a Ex, gene or g e„ e , (ii) , of „„„ „, ^ 

nucleotides ,„ a Ex, gene or giypican gene, (iii) a substitution of one or more nucleotides of 
a Ex, gene or gfypican gene, (iv, a gross chromosomal rearrangement of a Ex, gene or 
glwcan gene, (v) a gross alteration in the level of a messenger RNA transcript of a Ex, 
gene or gfypican gene, (vii) aberrant modification of a Ex, gene or gfypican gene, such as 
of the mediation partem of the genomic DNA, (vii) the presence of a non-wild type 
sphcmg pattern of a messenger RNA transcript of a Ex, gene * gfypican gen e , (viii) a non- 
w.ld type level of afirr-protein, and (ix) inappropriate posMranslational modification of a 
ar-protein. As M ou, below, the present invention provides a large number of assay 
techmques for detecting lesions in a Ex, gene or gfypican gene, and importantly, provides 
abthty to discern between different molecular causes underlying dependent 
aberrant cell growtti, proliferation and/or differentiation. 

In an exemplary embodiment, mere is provided a nucleic acid composition 
compnstng a (purified) oUgonucleotide probe including a region of nucleotide sequence 
winch is capable of hybridizing to a sense or antisense sequence of a Ex, gene crgfypica, 
gene, such as represented by any one of SEQ ID Nos: 1-4 or 7, or natitraUy occurring 
mutant, thereof, or 5' or 3' flanking sequences or intronic sequences naturally associated 
wth the subject Ex, gene or gfypican genes or naturally occurring mutants thereof The 
nucletc acid of a cell is rendered accessible for hybridization, me probe is exposed ,„ 
nucletc acid of the sample, and the hybridization of the probe to the sample nucleic acid is 
detected. Such techmques can be used to detect lesions at either the genomic or mRNA 
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level, mcluding deletions, substitutions, e ,c, as well as ,o de,en„i„e mRNA ^ 

ICVcIS. 

In certain embodiments, detection of the tesion comprises utilizing the probe/primer 
■> a polymerase chain reaction (PCR) (see, e.g. U.S. Patent Nos. 4,683,195 and 4 683 202) 
. such as anchor PCR or RACE PCR, or, alternatively, in a ligation chain reaction (LCR) 
(«e, e.g., Landegran e, al. (1988) Science 241:1077-1080; and Nakazawa et al (1944) 
PNAS 91:360-364), the ,a ter of which can be particularly usera , f or ^ ^ 
mutations in the gene or slyptam gene. fa . mere , y illustrative embodmKn , ^ 
method includes the steps of (i, Meeting a sample of cells from a patient, (ii) bating 
nucletc acid (e.g., genomic, mRNA or M4 from the cells of me sam pl e, (iii) contacting 
.he nucleic acid sample with one or more primers which specify hybridize ,0 a to 
gene orglypican gene under conditions such that hybridization and amplification of the Em 
gene or glypican gene (if present) occurs, and (iv) detecting me presence or absence of an 
ampliation product, or detecting the size of the ampiification product and comparing the 
length to a control sample. 

In still another embodiment, such assays as described above can be used to detect 

^T" 0 " maa&m - 10 a 8HK * ^transferase whtch 

ZTh fc ^ by a growth factor, cytokine or the .flee. To fllustrate, the 
ta£ omolog of sujaieiess, see example, 6, is , heparan su.fate-N-deacetylasWN- 

™: human gene maps ,o 5 ^ 33 - 3 - — f — — 1 1 such 
« !Z7 r 35 TreachCT Co,Bns "■ ta " L TreMher ^ - - 

autosomal donunan, dtsorder of craniofacia! development, which has been localized ,0 
*o»osome 5,32-33.1. The symptoms of the disorder are reminiscent of abberan, s^L 
transduction by a Wnt or hedgehog protein. 

D - Method of Treatin g TXkr**** 

Another aspect of the present invention relates to a method of inducing and/or 
"■^taming a differentiated state, enhancing survival, and/or inhibiting (or alternatively 
potentiating) proliferation of a cell, by contacting the cells wim an agent which modulates 
Hedgehog, or Wnt-dependent signal transduction pathways. The subject method could be 
used to generate and/or maintain an array of different tissue both in vitro and in vm, A 
"Hedgehog or Wn, therapeutic," whether inhibitory or potentiating with respect to 
modulating the activity of a Hedgehog or Wn. protein respectively, car, be, as appropriate 
any of the preparations described above, including agents identified in the subject assays' 
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and amisense molecuIes which selectively ^ ^ a 

enzyme, such as an Ex, or a suifotransferase, essentia, , 0 u, e syMhesis of 
seiectiv* or Wnt-sdective GAG chains, or an an>,sense module which setoively inhibits 

expression of a glypican. 

The Hedgehog therapeutic compounds of the present invention are likely to play an 
.mportant role in the modulation of cellular proliferation and mamtenance of, for example 
neuronal, testicular, osteogenic or chondrogenic tissues during disease states. Accordingly' 
an one embodiment of the present invention, compositions comprising Hedgehog or Wnt' 
therapeutics can be used in the * vitro generation of skeletal tissue, such as from 
skeletogenic stem cells, as well as the in Wvo treatment of skeletal tissue deficiencies 
Hedgehog therapeutics are also expected to play an important role in regulating 
uncontrolled cellular proliferation leading to exostoses, and in severe cases progression of 
the exostoses to Chondrosarcomas and Osteosarcomas. 

For instance, it is known in the art that proper regulation of chondrocyte 
d-fferenUation is necessary for the morphogenesis of skeletal elements, yet little is known 
about the molecular regulation of this process. Indian hedgehog (Ihh) is expressed in the 
prehypertrophic chondrocytes of cartilage elements, where it regulates the rate of 
hypertrophic differentiation. Misexpression of Ihh prevents proliferating chondrocytes 
from untiating the hypertrophic differentiation process. The direct target of Ihh signaling 
» the penchondrium where Gli and Ptc flank the expression domain of Ihh. Ihh induces 
the expression of a second signal, parathyroid hormone-related protein (PTHrP), in the 
periocular perichondrium. Analysis of PTHrP (-/-) mutant mice indicated that the PTHrP 
protean signals to its receptor in the prehypertrophic chondrocytes, thereby blocking 
hypertrophic differentiation. In vitro application of Hedgehog or PTHrP mediates the 
effects of Ihh through the formation of a negative feedback loop that modulates the rate of 
chondrocyte differentiation. 

As proliferating chondrocytes decide to undergo hypertrophy, they express high 
levels of the PTH/PTHrP receptor. When they subsequently become committed to this 
pathway, they transiently express Ihh, until they become fully hypertrophic. The Ihh signal 
acts on the perichondrium adjacent to the prehypertrophic zone (Ptc/Gli-expressing cells) 
and (chrectly or indirectly) on the more distant periarticular perichondrium, ultimately 
inducing the expression of PTHrP. PTHrP then signals back to chondrocytes expressing 
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*. PTH/PTHrP receptor, thereby preventlng non . differcn , jated c ^ ^ 

down the hypertrophic pathway. 

According*, the presem invention paIticularly ^ ^ ^ 

^ *erapeu,,cs which agonize and/or mtagonize . ^ Ihh acivi.y as me case may 

In a particular embodtaen,, .his invention contemplates the use of Hedgehog 
therapeutics,* alleviating me symptoms associated with multiple exostoses. Hereditary 
mutaple exostoses is a, autosomal doming, condition characterized by multiple cartilage- 
capped projections originating from the epiphyseal plates of endochondra, hones (Jaffe 

~ Z ,961> - ^ ^ ° f " hM - ■««- 

1/50,000 and 1/100,000 (Hennekam ,991; Coot e. al. .993; Schmale et „ 19 „ 4) ^ 

development of exostoses appears to be correlated with grow* of me 

new exostoses rarely appearing alter epiphyseal p,a.e closure (Hennekam ,991) 
Exostoses usually form a, the ends of long hones bu, can also occur on the hands, , J 
pelvts „bs, and scapula. Shortened stoture is sometimes seen in mis disorder and is' 
posstb* atiributable to these benign titmors interfering with the epiphyseal grow* ptatts 
and reducng overall bone growth (Hennekam 199.). Exostoses also treouently impinge 
on adjacent nerves, vessek, tendons, and joints and thus re,„ire surgical removal A 
senous complication of mis disorderis me occasional transformation to chondrosarcoma or 
osteosarcoma tha, ocours in 0.9%-2.9% of cases (Voutsinas and Wy™,Davies 1983- 
Wicklund et al. 1995). 

Genetic linkage analysis in families with multiple exostoses has already identified 
teee loc, responsible for hereditary multiple exostoses on chromosomes 8,24 . (Ext.) 
1P1.-.3 (Ex.2), and 19p (ExO, (Cook e« al. ,993 ; U Merrer e, al. .994; W„ e, al .994- 
Wuy* e. a.. 1,95). To date, me exostoses «ha, are caused by disruption of these genes' 
appear to be Mstinguishable; no specific phenolic differences have been observed in 
patiems fern different linkage groups <U Merrer e, al. 1994). As discussed above, me rote 
of Ext-family proteins in hedgehog signaling indicates tha. multiple exostoses is associated 
wnh abnormal diflusion of Hh protems. Hedgehog therapeutics ma, agonize Ihh activity 
and modulate diflusion of Ihh would therefore be useful in alleviating me symptoms 
associated with Multiple exostoses. 

In another embodiment the present invention contempt the use of Hedgehog 
■hcrapeutics which agonize a hedgehog skeletogenic activity, such as an ability to induce 



-38- 



WO 99/50385 



PCT/US99/06892 



chondrogenesis and/or osteogenesis. By "skeletal tissue deficiency", it is meant a 
deficiency in bone or other skeletal connective tissue at any site where it is desired to 
restore the bone or connective tissue, no matter how the deficiency originated, e.g. whether 
as a result of surgical intervention, removal of tumor, ulceration, implant, fracture, or other 

5 traumatic or degenerative conditions. In addition, the present invention makes available 
effective therapeutic methods and compositions for restoring cartilage function to a 
connective tissue. Such methods are useful in, for example, the repair of defects or lesions 
in cartilage tissue which is the result of degenerative wear such as that which results in 
arthritis, as well as other mechanical derangements which may be caused by trauma to the 

10 tissue, such as a displacement of torn meniscus tissue, meniscectomy, a laxation of a joint 
by a torn ligament, malignment of joints, bone fracture, or by hereditary disease. The 
present reparative method is also useful for remodeling cartilage matrix, such as in plastic 
or reconstructive surgery, as well as periodontal surgery. The present method may also be 
applied to improving a previous reparative procedure, for example, following surgical 

15 repair of a meniscus, ligament, or cartilage. Furthermore, it may prevent the onset or 
exacerbation of degenerative disease if applied early enough after trauma. 

In one embodiment of the present invention, the subject method comprises treating 
the afflicted connective tissue with a therapeutically sufficient amount of a hedgehog 
agonist, particularly Hedgehog therapeutic which agonizes Ihh activity, to generate a 

20 cartilage repair response in the connective tissue by stimulating the differentiation and/or 
proliferation of chondrocytes embedded in the tissue. Induction of chondrocytes by 
treatment with a hedgehog agonist can subsequently result in the synthesis of new cartilage 
matrix by the treated cells. Such connective tissues as articular cartilage, interarticular 
cartilage (menisci), costal cartilage (connecting the true ribs and the sternum), ligaments, 

25 and tendons are particularly amenable to treatment in reconstructive and/or regenerative 
therapies using the subject method. As used herein, regenerative therapies include 
treatment of degenerative states which have progressed to the point of which impairment of 
the tissue is obviously manifest, as well as preventive treatments of tissue where 
degeneration is in its earliest stages or imminent. The subject method can further be used 

30 to prevent the spread of mineralisation into fibrotic tissue by maintaining a constant 
production of new cartilage. 

In an illustrative embodiment, the subject method can be used to treat cartilage of a 
diarthroidal joint, such as a knee, an ankle, an elbow, a wrist, a knuckle of either a finger or 
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toe, or a .emperomandibutar join,. The .reatinen. can be direcKd , 0 (h£ 
JO ,„, ,o to articular cartUage of * joinl , or ^ To ^ ^ 
can be used ,o tisa. a degenerative disorier of , ^ ^ ^ ^ ^ ^ 
.rauma., injury (e.g., . spons jnju[y „ excKs . ve ^ or osteoanhrj ( . ^ 

Hedgehog torapeuuc into the join, wi,h, for instance, „ ^ ^ h 

<o trea, to afflicted cartilage. b some ins.ar.ces, ft. injected ageM can be „ form rf , 
hydrogel or other slow release vehic,. described above in order ,o permit a more hedgehog 
or extended and regular contact of the agent with the treated tissue. 

The present invention further contemplates the us. of the subject method in the 
fie!d of cartilage transition and prosthetic device therapies. To date, the growth of 
new cartilage from either tr^splantation of autologous or allogenic cartilage has been 
larger unsuccessfu,. Prob,ems arise, for inaance, because the characteristics of cartilage 
and fibrcoartilage varies between different tissue: such as between ar.ic.Uar, meniscal 
cartdage, ligament, and .endons, between to two end, of to same ligament or tendon, 
and between to superficial and deep par* of to tissue. The zonal arrangemen. of these 
tissues may reflect a gradual change in mechanical properties, and failure occu* when 
.mplanted tissue, which has no. differential under tose conditions, lacks to abOity to 
appropriately respond. For insure, when meniscal cartilage is used ,o repair anterior 
crucute ligamems, to tissue undergoes a mefcplasia to pure fibrous tissue. By promoting 
chondrogenesis, to subject metod can be used to particularly addresses mis problem by 
causing to implanted cells ,„ become more adaptive to to new environment 
effectively resemble hypertonic chondrocytes of an earlier development sage of to 
ti^ue. Thus, to action of oncogenesis in to imp.an.ed tissue, as provided by the 
subject meftod, and to mechanical forces on to actively remodeling tissue can synergize 
to produce an improved impUn. more sui,able for fte new function ,„ which i, is <o be pu, 
In sumlar fashion, to subjec. metod can be applied .„ enhancing both to 
generation of poetic cartilage devices and to their imputation. The need for unproved 
tieatmen. has motivated research aimed a. creating new cartUage that is based on collagen- 
idycosaminoglycan templates (Stone e, al. (W) din Onnop RelatRei 252:129), isolated 
chondrocy.es (Grande e. al. (1989) J Onnop Res 7:208; and Takigawa e. al. (1987) Bone 
Mrner 2:449), and chondrocytes attached to nation or synthetic polymers (Walitani ., ,1 
(1989) J Bone J, Sur g 71B:74; Vacanti ., al. (,991) />to, Recons* Surg 88:753- von 
Schroeder e. a.. (1991) J Blo m ei Mcer Res 25:329; Freed et al. (.993) J Biomei Maler 
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*. 27:1 1; and ,he Vacanti e, a.. U.S. Paten, No. 5 ,04,,,3 8 ). For example , cho „ drocytes 
can be grown In culture on biodegradable, biocompatible hig h, y porous scaffdds ^ 
from polymers «* - poly gl ycolic acid, p„ lyIaclic ^ agarosc gel> „ ^ 
wh,ch degrade over rime as function of hydrops of the polymer backbone i„,o in„„c uons 
■ monomer,. The matrices are designed ,„ ai.ow adequate nutrient and gas exchange l0 the 
ce is unti. engraftmen, occurs. The ceUs can be cultured „ v*,o until adequate ceU volume 
and ensity has developed for the ce„s to be implanted. One advantage of the matrices is 
that they can be cast or molded into a desired shape on an individual basis, so tha, the final 
product Cosely resembles the patienfs own ear or nose (by way of example), or flexib,e 
matnces can be used which allow for manipulation a, the time of implantation, as in a 
joint. 

In one embodiment of the subject method, the imptas are contacted with a 
Hedgehog therapeutic during the culturing process, such as an Ikk agonist, in order to 
mduc. and/or maintain differentiated chondrocytes in the. culture to order as to further 
stimulate cartilage matrix production within the implant, m such a manner, the cultured 
cells can be caused to maintain a phenotype typical of a chondrogenic cell (ie 
hypertrophic), tmd hence continue the population of the matrix and production of cartilage 
tissue* 

In another embodiment, the implanted device is treated with a Hedgehog 
therapeutic in order to actively remodel the implied matiix and ,„ make i, more suitable 
for ,.s mtended function. As se, out above with respec, to tissue plants, the artificial 
transplants suffer from me same deficiency of no, being derived in a setting which is 
comparable to the actual mechanical environment in which the matrix is implanted The 
activation of me chondrocytes in the matrix by the subject metttod can allow the implant to 
acquue characteristics similar to the tissue for which i, is intended to replace. 

In yet another embodiment, the subject method is used ,o enhance attachment of 
Poetic devices. To itatiate, the subject method can be used in the implantation of a 
penodortfal prosthesis, wherein the treatment of the surn>unding connective tissue 
stimulates formation of periodontal ligament about the prosthesis, as weU as tahibits 
formation of fibrotic tissue proximate the prosthetic device. 

In still further embodiments, the subject method can be employed for the generation 
of bone (osteogenesis) at a site in the animal where such skeletal tissue is deficient Indian 
hedgehog is particularly associated with the hypertrophic chondrocytes that are ultimately 
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repiaced by osteoblasts. For instance, of a Hedgeho8 or ^ rf 

the present invention can be employed as pan of a method for bating bone loss in a 
subject, e.g. to preven, a*d/or reverse osteoporosis artd other oaeo^c disorders, as weH 
as to reflate bone growti, and matron. For example, preparations compnsing 
> hedged agomsts can be employed, for example, to induce endochondral ossification a, 
lea,, so far as to facilitate the formation of cartilaginous tissue precursors ,„ form 'the 
"model" for ossification. Therapeutic compositions of Hedgehog or Wn, therapeutics can 
be supp.ementod, if required, with other osteoinductive factors, such as bone grow* 
ftctors (e.g. TGF- factors, such as the bone morphogenetic factors BMP-2 and BMP-4 as 
we., as activin), and may also include, or be administered in combination with, an inhibitor 
of bone resorption such as estrogen, bisphosphonate, sodium fluoride, calctonin or 
■amoxtfen, or related compounds. However, it will be appreciated that He&Hog proteins 
such as m and SU are likely to be upstream of BMPs, e.g. treatment with a MfaJ 
agents, will have the advantage of initiating endogenous expression of BMPs along with 
other factors. 

It will also be apparent that, by transient use of modulators of Hedgehog activities 
m vivo reformation of tissue can be accomplished, e.g. in the development and 
maintenance of organs such as ectodermal patterning, as well as certain mesodermal and 
endodermal differentiation processes. By controlling the proliferative and differentiate 
potential for different cells, the subject Hedgehog therapeutics can be used to reform 
injured tissue, or to improve grafting and morphology of transplanted tissue. For instance 
Hedgehog antagonists and agonists can be employed in a differential manner to regulate 
afferent stages of organ repair after physical, chemical or pathological insult. The present 
method is also applicable to cell culture techniques. 

In another embodiment, the subject hedgehog inhibitor, of the present invention 
can be used to inhibit hedgehog-mediated proliferation of cells, e.g., to treat unwanted 
proliferation. In one embodiment, the subject inhibitors can be used to treat hedgehog- 
dependent basal cell carcinoma (BCC) or other cancer e~ ■ ■ 

v vi uuier cancer resulting from over-activation of 

hedgehog signaling. 

As described above, in another embodiment the subject invention provides 
inhrbrtorsofWnt signal transduction. Such compounds could be of use in the treatment of 
diseases in which activation or motivation of the Wnt protein results in either cellular 
proliferation, cell death, nonproliferation, induction of cellular neoplastic transformations 
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or metastatic tumor growth and hence could be used in th. 

wiuia oe used in the prevention and/or treatment of 
cancers such as bone and breast cancer for example. 

All of the above-cited references and publications are hereby incorporated by 



5 reference, 



Equivalents 



Those sk,„ed in the art will recogni 2 e, or ^ able to „ ^ ^ 
rouane expenmentetion, numerous etunvaten* t0 me speci& ^ 

metoods, assays and reagent described herein. Such equivalents are considered ,o be' 

within the scope of this invention. 
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Example I : Ext-famm, p -.i Yr . p r i, lK . m 

We identified mutations m a novel gene, « (w)> fa . Iarge soree „ for 
mate™, effect mutate* associated with segment po,ari,y phenotvpes. (Perrimon, N 
Unjutn, A., Arnold, C. * No.,, E. Gene,,'. Zygotic W mutations „ ith ^ ^ 
Phenols in DrosophUa me,anogaster. „. Loci on the second and third chromosomes 
.denUed by Pelement-induced mutations. ,44, ,«,.,« (,996,). The segment polarity 
phenotype is reminiscent of the phenotype of ^ {wg) „ 

Stnce several specific ^-dependent processes are not affected in embryos ma, ,ack both 
materna, and ^ «, gHK „ „ ^ ^ ^ fc ^ ^ ^ 

(I.T., Y.B. and N.P., in preparation). Consistent with mis hypothesis, «v somatic clones 
are assocated with wing phenols shuUar ,„ the phenotypes of clones of mutations in 
Hh signaling component (data not shown). In mis paper we analyze the function of „ in 
dew m the wing imagjnal disc to determine its role in the Hh signaUng p^y. 

In me wing disc, Hh is expressed in cells of the posterior (P, compartment and has 
been proposed to difluse into the anterior (A) compartment. Within the anterior 
compartment, binding of Hh to its receptor Patched (Ptc, activates the Hh signaling 
pathway that resuHs fa the aabiUzation of the Ml lengti, Cubitus fatemrpms (Ci) protein I 
inscription factor of the GL. famUy. (Tabata, T., Eaton, S. ft Komberg, T.B. Gene, D „ . 
The DrosophUa hedgehog gene is expressed specifically in posterior compartment cells and 
,s a targe, of engrai,ed regtUation. 6, 2635-2645 (,992)); (Baste,, K. & Struh,, G. iW* 
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Compartment boundaries and the control of Drosophila hmb pattern by hedgehog protein 
368, 208-214 (1994)); (Mango, V., Davey, R.A., Zuo, Y., Cunningham, J.M. & Tabm, C.J. 
Nature Biochemical evidence that patched is the Hedgehog receptor. 384, 176179 (1996))- 
(Stone, D.M., et al. Nature The tumor-suppressor gene patched encodes a candidate 
receptor for Sonic hedgehog., 129-134 (1996)); (Aza-Blanc, P., Ramirez-Weber FA 
Laget, M.P., Schwartz, C. & Komberg, T.B. Cell Proteolysis that is inhibited by hedgehog 
targets Cubitus interruptus protein to the nucleus and converts it to a repressor 89 1043- 
1053 (1997)); (Chen, Y. & Struhl, G. Ceil Dua! roles for patched in sequestering and 
transducing Hedgehog. 87, 553-563 (1996)); and (Strigini, M. & Cohen, S.M. 
Development A Hedgehog activity gradient contributes to AP axial patterning of the 
Drosophila wing. 124, 4697-4705 (1997)). Ci then activates the expression of ptc, which 
restncts the range of diffusion of Hh. (C hen, Y. & Struhl, G. Cell Dual roles for patched in 
sequestering and transducing Hedgehog. 87, 553-563 (1996)). Consistent with the model 
that Hh diffuses into the A compartment, Ptc expression can be detected as far as 5 cell 
diameters away from the antero-posterior (A/P) boundary and the stabilization of Ci can be 
detected as far as 8 to 10 cell diameters (Figures la, lb, and see also (Strigini, M. & Cohen, 
S.M. Development A Hedgehog activity gradient contributes to AP axial patterning of the 
Drosophila wing. 124, 4697-4705 (1997))). We therefore used Ptc expression and Ci 
stabilization as reporters to examine if ttv is involved in Hh signaling. 

In large ttv mutant clones adjacent to the A/P border, within the anterior 
compartment, Hh signaling is impaired as concluded from the lack of Ptc staining in most 
of the clone (Figures lc, le). However, Ptc expression is still induced at the posterior edge 
of the clone adjacent to the wild type cells (Figures le). The level of signaling in these 
cells is nevertheless diminished, as shown by a reduction in their levels of Ptc staining 
compared to wild type cells (Figure le). A similar result was observed when Ci levels were 
used as a reporter for Hh signaling (Figures If, lh). In addition, the large domain of Ci 
stabilization allowed us to determine that a cell non autonomous effect was associated with 
ttv mutant clones. When ttv mutant clones of only a few cells wide are located along the 
A/P boundary, wild type cells anterior to the ttv mutant clone do not respond to the Hh 
signal as shown by Ci staining (Figures li, lk). Because these cells are located within a 
domain where Hh is normally able to diffuse to and induce stabilization of Ci, we conclude 
that ttv mutant clones have a directional non cell autonomous effect on wild type cells 
located anteriorly. Since the domain of Ci stabilization is under the direct control of Hh 
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signaling (Aza-Blanc, P., Ramirez-Weber, F.A., Laget, M.P., Schwartz, C. & Komberg 
T.B. Cell Proteolysis that is inhibited by hedgehog targets Cubitus interruptus protein to 
the nucleus and converts it to a repressor. 89, 1043-1053 (1997)); (Strigini, M. & Cohen, 
S.M. Development A Hedgehog activity gradient contributes to AP axial patterning of the 
Drosophila wing. 124, 4697-4705 (1997)), we interpret this result as the inability of Hh to 
reach wild type cells located anterior to ttv mutant clones. This observation led us to 
investigate if the diffusion of Hh is impaired in absence of ttv. 

Example 2; Ext-family Polypeptides a™ Re quired for Hh n.«T.,^ n 

To analyze whether ttv is required for Hh diffusion, we took advantage of the fact 
that Hh can diffuse over a greater distance in the absence of Ptc. (Chen, Y. & Struhl, G. 
Cell Dual roles for patched in sequestering and transducing Hedgehog. 87, 553-563 
(1996)). In zptc mutant clone, Hh diffusion is observed as an ectopic induction of Ptc in 
wild type cells localized anterior to a clone of ptc mutant cells (Figure 2a and (Chen, Y. & 
Struhl, G. Cell Dual roles for patched in sequestering and transducing Hedgehog. 87, 553- 
563 (1996)). To determine if Hh diffusion is modified by ttv in the/>/c mutant clones, we 
generated double mutant clones for ptc and ttv and analyzed the expression of Ptc in wild 
type cells anterior to the clones. Interestingly, in ptc ttv double mutant clones Ptc 
expression is not induced in wild type cells anterior to the clone (Figure 2b). 

To directly assess Hh diffusion in the ptc ttv mutant clones, we compared the 
distribution of Hh in ptc versus ptc ttv clones. In the ptc mutant cells, we detect the Hh 
protein as a diffuse membrane staining. When Hh reaches the wild type cells beyond aptc 
clone, it can be seen in a punctate staining partem that for the most part coincides with the 
punctate Ptc staining (Figure 2c). Jnptc ttv double mutant clones, we do not detect any Hh 
staining in mutant cells (Figure 2d). Based on this result and the directional cell non- 
autonomous effect of ttv mutant clones, we propose that Hh is unable to diffuse in the 
absence of ttv activity. 

In order to diffuse Hh has to move from the sending to the receiving cell, therefore 
ttv could function in the sending cell and/or the receiving cell. Importantly, there are two 
types of sending cells, the posterior cells that produce and send Hh and the anterior cells 
which send previously received Hh. Since in the anterior cell the sending of Hh depends on 
its reception from the previous cells, it is difficult to address where ttv functions by 
generating ttv mutant clones in the anterior compartment. We therefore generated clones in 



-45- 



) 



WO 99/50385 

PCT/US99/06892 

to ***, Compaq, adjacem t0 ^ m bomd ^ ^ ^ ^ ^ m 

? r°i we observed to ' muan ' c,ones in *• ~ — • <° « 

affect the dttftston of Hh since the stabihzation of Ci is no, affected h „e anterior 
compartmen, (Figures 2e, 2and see also 2b). Wore, we propose tha, «v tactions in 
■he recetvtng ce,ls and is probably requtred fcr At mom of ^ ^ 
-e.vu.g oe,,, This observation also indicates that ttv is no, required for Hh predion 

Interestingly, we observed that in a *v Cone loca,ed in the anterior compartment 
Hh can SMI signal although ,ess effigy to fte fct ^ ^ te 

tins weakened signaling activity is mediated by the Hh presen, on the membrane of the Hh 
sending cells and tha, tnerefore efficient Hh signahng even ,o adjaeen, cells requires Hh 
difnision. 



Example .1: Olnniny <.fr. t-fan.ilv l^f ^lff!- 

To undersland me molecular function of »v in Hh diffusion, we cloned ttte „v gene 
We isolated the genomic region surrounding the ,M006S1 p. e|enKn , 
3a) artd we identified two genes in the vicinity of the P-elemen, insertion site. One is 
ta*. C, which is unlikely ,„ contend te *, since i, is no, expressed ma.ema.ly 
D., , a,. J Cell SC Expression of Drosophila lamfa C Is developmental,, 
regulated: analogies with vertebrate A-type lamins. 108, 3189-3198 (1995)) The other 
gene is maternally expressed and we isolated i,s full length cDNA. Sequencing of the 
putative » 3.8 leb cDNA reveals ma, i, encodes a 760 amino acid protein which is similar 
.otnehumanMultiple Exostoses (Ex,-1) protein (Ahn, J., « «/. NaGaKt Qoniogofthe 
putative tumor suppressor gene for hereditary multiple exostoses (EXT1) 11 137 143 
(1995)); (Figures 3b and 3c). The 3.8 kb transcript identifies „ since a transgene of mis 
transcript under** control of a ^70 promoter rescues «v homozygous flies to viabihty. 
The mutation is either a nu,, or a severe hypomorphic allele consistent with 

the genetic da* (see memods), since me wild «ype protein is „„, daected m protem 

extract made from unfertilized eggs derived fiom ^(2)006S1 Bermlme clme ^ 

(Figure 3d). 

Ttv is 56% and 25% identical ,„ the human Ext-1 and to, protein, respectively 
The Ex-1 and genes have implicated in me human Multiple Exostoses syndrome 
(Ahn, !.,«„/. Na , ^ Clonmg of me puuaive tumor suppressor gene for heredi,ary 
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multiple exostoses (EXT1). 1 1, 137-143 (1995)); (Stickens, D., et al. Nat Gene, The 
EXT2 multmle exostoses gene defines a family of putative tumor suppressor genes 14 25- 
32 (1996)) and (Wickiund, C.L., Paul, R.M., Johnston, D. & Hecht, J.T. Am J Me* Gene, 
Natural history study of hereditary multip,e exostoses. 55, 43-46 (1995)). Moreover the 
Ext proteins appear to form a novel family of conserved molecules in Metazoans, since 
mouse and C. elegans homologues have been cloned recently. (Clines, G.A., Ashley J A 
Shah, S. & Lovett, M. Genome Res The structure of the human multiple exostoses 2 gene' 
and characterization of homologs in mouse and Caenorhabditis elegans 7 359-367 
(1997)). However, so far, no studies have determined the cellular compartment where Ext 
molecules could fonction. (Ahn, J., et al, Nat Genet Cloning of the putative tumor 
suppressor gene for hereditary multiple exostoses (EXT1). 11, 137-143 (1995)) and 
(Stickens, D., et al. Nat Genet The EXT2 multiple exostoses gene defines a family of 
putative tumor suppressor genes. 14, 25-32 (1996)). To determine more precisely how Ttv 
med ia tes the movement of Hh, we investigated this issue. Analysis of the Ttv sequence 
reveals the presence of a hydrophobic stretch at the N-terminus of the Ttv protein which is 
conserved in the human Ext-1 and Ext-2 proteins, indicating that «v might code for a 
transmembrane protein (Figure 4a). We used an m vitro translation assay to demonstrate 
that Ttv ,s indeed a membrane protein (Figure 4b). /„ vitro transcribed ttv mRNA is 
translated into aprotein of approximately 80 kD, which is in accordance with its calculated 
molecular weight. In the presence of microsomes, the protein is glycosylated and fully 
protected from degradation by proteinase K, clearly indicating that the protein is imported 
mto rmcrosomes. Furthermore, the Ttv protein remains associated with the membrane 
fraction following alkaline wash, demonstrating that it is a membrane associated protein 
(Fujiki, Y., Hubbard, A.L., Fowler, S. & Laza™, P . B . j Ce// mi Qf 
mtracellular membranes by means of sodium carbonate treatment: application to 
endoplasmic reticulum. 93, 97-102 (1982)). Since the sequence surrounding the signal 
sequence does not have a good consensus for cleavage (von Heijne, G. Nucleic Acids Res 
•A new method for predicting signal sequence cleavage sites. 14, 4683-90 (1986)) we 
propose that the signal sequence is not cleaved but rather acts as an anchor region. From 
this analysis, we conclude that Ttv is a type II integral membrane protein (Figure 4c). 

Example 4; Characteristic 0 f the EYt-Pnivp op+i,^ 
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Our observation ft. Tt» is an iniegral membrane protein migm ^ , fa 
to reconcile a puzzle in undemanding Hh diffusion. In contias, .0 mos, signing , iglnds 
the active form of Hh is <«hered ,„ me membrane by . ^ ^ J A ' 

Young, ICR.* Beachy, P.A. Science Cholesterol modification of hedgehog signaling 
■ proteins in animal development. 274, 255-259 (1996)) ami (Porter, J.A., „ „ Cell 
Hedgehog patleming activi*: ro,e of a lipophiHo modification mediated by the carboxy- 
<erm,nal autoprocessing domain. 86, 21-34 (1996,,, thus i, is not cleat how ^ cw ^ 
from one cell to mother. The temertag of Hh suggests that Hh diffcsion is mediated by a 
related process a. the cell surface that allows Hh to move from a sending to a receiving 
cell. We therefore imagine ma, Hh should firs, be dissociated from the sending cel. 
membrane and men re-associated with the receiving cell membrane. The movement of Hh 
cannot be dependent on the Hh receptor Ptc and „e membrane signaling component 
Smoothened (Smo), since Hh difluses in P ,c or sn,o mutant clones (Chen, Y. & Smdi. G 
CeU Dual roles for patched in seouestenng and .reducing Hedgehog. 87, 553-563 
(1996),. We therefore propose the existence of a Smo, Ptc independent process tha, 
regulates the diffusion of Hh signaling mo,ecu,e. mierestingly, Ttv appear to p,ay a 
unpomn. role in mis process. Since Ttv is re,uired in me receiving cell to allow Hh 
diffusion, we speculate tha, Ttv does no, Sanction in me dissociation of Hh from He 

membrane of the sending cells bu, more likelv ,o ■ • 

° * ""v IO permit the reassociation or the 

maintenance of Hh on the surface of the receiving cells. 

Until now, due to me absence of homology b«we« Ex, and other known proteins 
the function of the Ex, fami.y of molecules has remained unknown. As . o^^. „„' 
model has been pmposed ,o explain the pathophysiology associated win me Multiple 
Excise syndrome. The Muhiple Exostoses syndrome is a dominantty inherit disease 
characterized by shor, stomre, Bmb lengtt, inequalities, bone deforces and me pres ence 
of bone outgrown*, called exostoses, a, me ends of long bones (Wicklund, CL Paul! 
**. Johnston, 0. & Hech,, J.T. ^ , ^ ^ Namral history smdy of herediu™ 
multiple exostoses. 55,43-46(1995)). The loss of any one of me**-,. 2 or 3 ,ocus has 
been shown to be .sponsible for mis syndrome (Wicktand, CL, PauU, P.M., Johns,™ D 
& Hecht, J.T. Am J Med Gene,. Natural history study of hereditary multiple exostoses 55 
43-46 (.995)). The £*,-, and genes have recently been cloned (Ann, J, a „ ' Na 
Geaer Cloning of til. pmative tirmor suppressor gene for hereditiuy multiple exostoses 
(EXTI). 1,, ,37-143 (1995)) and (Stickens, D, e, al. Not Gene, The EXT2 m„,,ip,e 
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exostoses gene define, a family of putative tumor suppressor gene , , 4> ^ 
are homologous ,o each other, a,., and genK have „ Kn ^ ^ ^ ^ 
.umo, suppressor genes due ,o ,he slightly elevated incidence of chondrosarcomas and 
osteosarcomas in Ex. patients (Ahn. ,.. , * Nal Gena CIonfag „ f ^ 
pressor gene for hereditary multiple exostoses (EXT,). , ,, , 3 7-,43 (,9, 5) ); (Stickens, 

' " "'■ °"* The EXU ««— g-e defines a family of putative rumor 

suppressor gene, ,4, 25-32 (.996)) and (Wicklund, C.L., Pauli, R.M., Johnston, D ft 

T1^ J ^ °"* ^ ° f T «— • 55. 

4 J -40 (1995)). 

Interestingly, during bone morphogenesis tndtan Hh is expressed in the 
prehypertrophic chondrocytes, and appears to signal to to adjacent tissue ^ 

rrtr where * is * — MisexprKsion *■* — . «« 

Man Hh (Ihh) iimits the ... of chondrocyte differentiation by inducing the expression of 
d» paramyroid hormone-related protein (PTHRP) in the perichondrium (Vortkamp A , 
a/ ««, Region of rate of cartilage differentiation by Indian hedgehog and' PTH- 
related protein. 273, 6,3-622 (1996)) and (Unske B-, « a,. Scene PTH/PTHRP receptor 
■ early development ami Indian hedgehog-regulated bone growth. 273, 663-666 (1996)) 
Based on the high similarity between Ex,-1 and Ttv, „e propose tha, so me ^ of me 
syndic, the short statore, limb length inequalities ar,d tae deformities are due to 
defects in ah diffusion and efficient signaling. This hypothesis would be consistent with 
the mode, tha, Ihh regulates cartilage grown, and therefore bone grow* by limiting Ore rate 
of chondrocyte diffe^tiation (Vortkamp, A., e, a,. Science Regulation of rate of carflage 
donation by Indian hedgehog and PTH-related proteia 273, 6,3-622 (1996)) ar,d 
Unske B„ e, a,. Science PTHtfTHRP receptor in early development and India, 
hedgehog-related bone grown. 273, 663-666 (,996)). More recent*, a careful analysis 
of the Ihh expression partem strong* suggests that Ihh has a number of additional rotes 
durmg bone morphogenesis (Vortamp, A., e, al Mecnanisn, of development 
Recapmuation of signafe regulating embryonic bone formation during postnatal grown, 
and m fracture repair, in press (1998)). We expect mat Ac understanding of additional 
roles of Ihh during bone development win provide a mechanism to account for the 
appears of exostoses or the slightly elevated mcid«,ce of chondrosarcoma in Ext 
patients. 
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A number of recen. studies in venebra.es and inverrebra.es indicate ft. ,he 
par.em.ng activfty of Hh depends on its loca. concentration, (Johnson, R.L. & Tabin C 
OB. The long and shor, of hedgehog siting. ,,, 313-316 (1995)); <Strigini, M ' & 
Cohen, S.M. Develop, A Hedgehog activfty gradient contfbu.es to AP axia! par.em.ng 
J of .he DrosophMa wing. , 24 , 4697-4705 (1997)); (Ericson, J., e, a,. Oil Pa*6 consols 
progenitor cell identity and neuronal fa,e in response to graded Shh signahng. 90, 169-180 
(1W7)) and (MuHor, ,., CaUeja, M-, Capdevila, ,. & Guerrero, I. Dm SUppl .Hedgehog 
«.«ry, independen.ofDecapen.aplegic,partieipa.es in wing disc patterning , 24 , 227 . 
1237 (.997)). The Hh recep.„r, Ptc, has recen.lv been proposed ,„ sequester Hh and 
) -Wore .0 increase Hh concentration close ,o the Hh source (Chen, Y. & Struhl G CeU 
Dua. rote for patehed ,n sequestering and .ransducing Hedgehog. 87, 553-563 '(1996)) 
We propose tha. ft. control of ft. lea! concentrate, of Hh abo depends on an opposite 
acuvitv ma. require Ttv. We found fta, T.v is quired for «. diffusion of Hh molecules 
and Iherefore increases me !evel of Hh far from fts source. Moreover, „v aflecu a,e 
ifmsion of Hh to the firs, receiving cells and ,. toner disUnce, suggesting ma. bout d. 
mechanisms of Hh shot, and .ong range diflusion depends on and are most 1My 
.dentical The characterization of «v is an importan, step .oward .he undemanding of a 
cellular mechanism that allows Hh to diffuse and to exert its patteming-activny 

Methods 

Somatic clonal analyses. The ^(2)00681 ^ behayes M a ^ ^ ^ ^ 
phenotype of embryos derived from ttvl(2)00681 germline clones (GLCS) (Low MG 
A**. A**, A* . The glycosyl-phosphatidylinositol anchor of membrane proteins 
988, 427-454 (1989)), crossed with ^(2)0068,^ [s tQ ^ rf 

embryos derived form ttoKWm GLC crossed with Df(2R)Trix/Cyo. S omatic clones 
were mduced using the FRT/FLP mediated recombination system (Xu, T. & Rubin, G M 
Development Analysis of genetic mosaics in developing and adult Drosophila tissues 1 1 7 
1223-1237(1993)). Various strains were constructed for these analyses : for ttv clones- y ' 
w hsFLP; FRT G 1 3 ttv 1 (2)0068 1/FR-pG 1 3 arm-LacZ,, f or ptc 

clones: y w hsFLP;FR T 42Dp tc ,W , ^ ptcIW fa & ^ ^ 

allele (Chen, Y. ft Struhl, G. Cell Dual roles for patched in sequestering and transducing 
Hedgehog. 87, 553-563 (1996)); and for ptc ttv double mutant clones: y w 
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hsFLP.FR T«Dptc lw t(vl(2)00681 p,„, . , , 

V Fust mstar larvae were heal shocked for one 

hour a, 37 C. Third taar lai val imigina | discs were dissected in PBS and fixed for 20 
nuuu.es in 4% formaldehyde in PBS wi,h 0.1% T „ee„20 (PBT). Anlibodies m diluled 
,n PBT as fellows: rabbi. anU- -Ga, (Cappe.) ,:4000; ra, ami- -Ga, ,:,00; mouse anti-Ptc 
• 1:10ft rabb,. anti-Hh 1:2000 (TSA amplification was used to enhance the signal, NEN). „ 
an..-C, 1 :5. S^ondary antibodies co„p ls d ,„ FITC, Texas Red or Cy 5 (Jackson) were used 

r,Zr H ° n ' SK ° ndaiy C ° UPW '° fM TSA -" ifafi - was used at 

1:2000 dtluaon. Stainings were visuali Z ed using a Leica TCSVNP confocal mi^scope 

Rescue construct: A Spel, NotI fragment of the ttv gene was cloned downstream of 
*. hsp70 promoter of the pCasper-hsp vector and used ,o tiansform me , w strain using 
me helper plasmid pp25-l. One utsertion on the third chromosome rescued ttv 
homo 2 ygous mutants te viability without heat shock. ttv«2)00«. „„„ ^ „„„ 
,tvlC>kO«,0v and „vl<2)02055 were ^ 

Andbody production : me Uv cDNA sequence encoding amino acid 30 to 376 of 
me T.v protein was cloned into the pQE 10 vector (Qiagen) and expressed in me Ecoli 
MIS mm. The purified proton was injected into rabbi, and rat. Antisera were affinity 
punned against GST-Ttv (amino acid 30 to 376) Unked on a HiTrap NHS-activated 
column fPharmacia). No-specific sUinings could be detected with these affinity purified 
sera in embryos or imaginal discs. 

Western Blot : Wild type and ttv urdertiHzed embryos derived from OLCs 
(Pernmon, R, Lanjuin, A., Arnold, C. & No,., E. Generte Zygotic lemal mutations with 
maternal effect phenotypes in Drosophilame.anogas.er. H. Loci on me second and third 
chromosomes identified by Pelement-induced mutations. 144, 1681-1692 (1996))- were 
homogenized in RIPA buffer (50 mM Tris pH 8, 0. IK SDS, 1 % NP 40 , ,50 mM NACI)- 
50u g of the extract was men separated by SDS PAGE electrophoresis (4% to 15% gradient 
eel, at* blotted onto PVDF membrane (Millipore). Affinity purified rabbi, anti-Ttv 
antibod.es and secondary antirabbi.-IG (vecor) were used a. 1:1000 and 1-3000 
respectively. Detection by the ECL Western blotting detection memod (Amersham) 

In vtrro translation assays: ttv RNA were produced by in vi.ro transcription using 
0* SP6 RNA Machine kit (Ambion); rabbi, reactdocyte lysates, microsomes and 
endoglycosydase H were purchase from Boehringer. In vitro notation assays in 
presence of ,0 ,Ci «S methionilKi ^ R (() ^ ^ ^ 

endogly^sydase H treatments (2 mU/reaction) were performed according to manufacturer 



-51- 



WO 99/50385 

PCT/US99/06892 

protocols, except ,ha, ImM of PMSF was added ,. ,he end of the reaction. Proteins were 
then precipitated by adding 10 volumes of 66% saturated rNH 4 ) 2 S0 4 , resuspended in H 2 0 
and reprecipitated wiu, ,0% TCA. The samples were then .suspends in samp,e buffer 
an analyzed* SDS PAGE. The aKaline wash was performed by adding 12 reaction 
5 volumes of. 0.1 M Na 2 CO, (pH ,2, to the sample and incubating it for 5 minutes a, 4»C 
The sample was men spinned a, 75 000 rpm for 15 minutes. The supernatant was removed 
and the pellet was dissolved in loading buffer and analyzed by SDS PAGE 

hydrophobic p,o« was generated using the Protean 
Software. The analysis of the peptide cleavage site was done on the PSORT II web server 
<h«p : // P son.nibb.ae. jp .. 8 u/form2.h tol ) using a algorithm derived from (von Heiine G 

Standard modular biology protocols were used for Northern blot, library 
screening and molecular cloning. 

KM-Pte f, %f f (fir ffw „„ f ,„ frote( ,^,„. ^ hfr r- ' 

Hedgehop in Drn^p hjig ti ssllw 

We presentence that the DrosopHUa gene ^.elu^), which is require fc, 
*e abtlity of Hh ,o reach «arge. cells, encodes a glycosyWerasc. These enzymes 
symhesvze glycosaminoglycan chains (GAGs) attached ,o the protein core of Heparan 
Sulfate Protege (HSPGs). The specificity of Ttv to Hh signaling suggests the 
extstcnce of Hh-speciflc HS-GAGs. We propose that such HS-GAGs «c symhesized by a 

complex that includes Ttv and a soecifie n A r»^ f 
ir a ^^^c GAG-modifymg enzymes) such as a 

sulfotransferase. The possible roles of HSPGs in Hh movement are discussed. 
(a) Introduction 

During development, a number of secreted factors have been identified that play 
cnttca. roles in the patterning of field of ce.ls. I„ particular, member, of the Wn, and 

Desptte extensive studies, me mechanisms underlying the movement of these 
molecules through tissues is no. understood, Thus i, is no. clear whether the gradients of 
actmt.es ma. these protein, .rigger are established through difiusion of me secreted facte 
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in .he extraceUular space or tough transport mechanisms tha, involve for 
vesicle-bke sttuctures „hi ch ^ endocytosed 

. In the case of W„« proteins there is eviden « tec ^ ^ 

the ex,race.,u.ar space as we.l as transported tough ceUs. W„, proteins are poorly 
secreted m the extrace.hdar space and bind the extraocular mafrix tightly (Bradley and 
Brown, , W 0; 0* e, a,., 1S9I: Reichsman et ^ ^ ^ ' 
««. Pro.e,ns may no, be able to freely diffuse and thus raise the qU es.ons of how many 
cells away they are ab,e to ac, Studies i„ th e Oroso^a wing tmagina, discs havl 
provtded compelling evidence that Wingtess (Wg), the homolog of mammalian W„,-l is 
.0 remured directly for patterning a ne!d of cells such as me wing b,ade Further 
uumunohistochemical anaiyses have detected Wg protein up , 0 25 eel, diameters from the 
wmg margin, which is the site of Wg synthesis in this tissue (Cadigan e, ah, 1998). ^ 
Wg proteins can be found far away from ^-expressing cel.s raising me issue of the 
mechanism underlying the movement of Wg tough ceUs. Zn.erestmg.y, dKBm 
* mtcrccopy srud.es detect 1M. Wg protein free in the extracelMar space and Wg is present 
» vestcle like sfructures (Gonzalez e. a]., 199.,. The presence „ f Wg i„ vesie.es is 
endocytosis dependent and is no. detected in Mbtre mutants which are defeonve in 
endocytosis (Bejsovec and Wieschaus, 1995). This observation has led ,„ the mode, that 
Wg proteins are transported tough cells in vesicle-like structures, a ptocess referred to as 
20 transcytosis (Gonzalez et al., 1991). 

™™PP°" forte model corner 
winch are defective to either Wg transport or signaling (Bejsovec and Wicschaus, .995- 
Hays e. a.., .997). Analysis of mutants has reveakd ,hat me Wg^ protejn „ 

compel * generate bom short and .ong-range Wg effects when provided ectopic^ 
» suggesting ma. Wg** „ ^ ^ ^ ^ ^ ^ ^ 

Wg is distributed over many ce.l diameters on either side of ^-expressing cells, and 
- mternaUzed into ceUs without transttacing any of me known signaling aenvites of Wg 
Tiese results suggest ma, differ, Wg protein domains interact with differer,. receptors- 
one mvo.ved in Wg franspo* and the oUrer one to Wg signaling. Ahogether, these studies' 
10 have .edto the mode, ma, the mechanism for long range movement of Wn, proteins reUes 
on endocytosis and/or transcytosis. 
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Similarly, Hh ^ can *ave, ,o„ g rang , For ^ fa 
mduces the expression of its target genes ^ ^ ^ fc 
m a b road domam of W0 cel, diameters a,o„ g the ar,,erio,posterior (A/p) 

-duce^cnptionmwim type cells located 

0— «* «* we ware able * detect co-immu„o,oca,iza,i 0 n of bolh „„ ^ 
j*» w„d type ce„s located distaUy ,o the Cone o,„c mutant C e„s ^ et 

N-termmal (Hh-N) and a C-termina, (Hh-C) fr agJnenl (Lee „ ^ 
cleavage* a choleaero, moeity is ad(led „ ^ ^ ^ 
modtfication anchors Hh .o the membrane and prevents its ^on. HhNp i, response 
for a,, me bto.ogical activities of Hh in flies and vertebrates. In the absence of to 
cholesterol modification, Hh-N mo.ecu,es ac, a, a ,on 8 er range and are more poten, 
mducers of HlHarge, genes dun HhNp (Porter a ± 1996) . Ho w HhNp can exert its 
pattermng activity when it is associated to cholesterol, and thus does no. have the 
properties of a diflusiWe molecule, is no, dear. Futhermore, there are * rtro data tha, 
mammalian Hh is parted ^ixky e, a!., ,998). Such a modification, if i, occurs ,„ 
v,vo w 0uld afeo prevent secretion and free diffusion of Hh in me exti^lhdar space 
Roehnk e, a,. (Roelh* e, a... ,995) have reported that, in tissue cuMure cefls transfected' 
w, ft Sonic Hh (Shh), on,y ve* ,„w concentrations ofShh can be detec«ed in the medium 
Tte, based on these observations it is no, dear how Hh can ac, a, .ong disunce directly' 
One mode! is that Hh proteins are very pot™, signaling molecules quiring ve* low 
»ncentrations of diflusiMe Hh to regtuat. the activity of the Pfc receptor. According to 
mode, some choUstero.-modifi*. Hh modules may be re,eased from me p,asma 
memtaane, or tha. some mehanism exists ma, releases HhN from HhNp. Another mode, is 
•ha, me chotesterot-modified form of Hh may be transported to target ce,ls by a specific 
mechanism. 

Biochemical analyses have indicated that Wnts and Hh are Heparta-bindin. 
preterm (Bradley and Brown, ,990) (Reichsman e, al., ,996) (Bumcro. et a,., ,995) While 
the function of binding to Heparin in the case of Hh molecules is unclear, in the case of 
Wnt protetns. mere is now substantial biochemical and genetic evidence to support the 
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model that they interact with Heparan Sulfate Proteoglycans (HSPGs) in vivo (Binari et al 
1997; Cumberledge and Reichsman, 1997; Hacker et al., 1997; Haerry et al 1997)' 
HSPGs are composed of a protein core that is linked to glycosaminoglycan (GAGs) chains 
These large macromolecules can be found at the cell surface, or in the extracellular matrix 
HS can be covalently linked to a variety of cell surface proteins but is found consistently 
on two major family of proteoglycans, Syndecans and Glypicans (David 1993) The 
biological roles of HSPGs are highly diversified, ranging from simple mechanical support 
to as yet poorly understood effects on various cellular processes such as cell adhesion 
motility, proliferation, differentiation and morphogenesis. In the context of signal' 
transduction, HSPGs have been implicated in a number of events that include co-receptors 
for msoluble ligands, co-receptors for soluble ligands, internalization of receptors 
transport of molecules or as soluble paracrine effectors (Salmivirta et al., 1996) 

The assembly of HSPGs occurs in the golgi, when GAGs are' added to specific 
serine residues on the protein core (Lindahl et al., 1998; Salmivirta et al. 1996) GAG 
chains consists of alternating sugar chains of D-glucuronic (GlcA) and N-acetyl-D- 
glucosamine (GlcNAc) units, which are joined together by a glucosyltransferase. The final 
GAG structures are formed by a series of polymer-modification reactions that are initiated 
by N-deacetylation and N-sulfation of GlcNAc units, followed by C-5 epimerization of D- 
glucuronic acid (GlcA) to L-iduronic acid (IdoA) and finally by incorporation of O-sulfate 
groups at various positions. The reactions involved in this process are generally incomplete 
such that a fraction of the potential substrate residues are not modified. Therefore, GAGs 
display considerable sequence heterogeneity both within and between different chains. The 
number of GAG chains on a protein core may also vary in length and number. 

Recently, the critical roles of HSPGs in developmental processes -has been 
illustrated by the identification of a number of mutations in enzymes involved in HSPGs 
biosynthesis. Mice lacking the HS 2-O-sulfotransferase exhibit a renal agenesis phenotype 
(Bullock et al., 1998). In Drosophila, mutations in sugarless (sgl, encoding UDP-glucose 
dehydrogenase) (Binari et al., 1997; Hacker et al., 1997; Haerry et al., 1997) sn6 pipe 
(encoding a 2-O-sulfotransferase) (Sen et al., 1998) show defects in segmentation and 
establishment of dorsal/ventral (D/V) polarity in the embryo, respectively. While mutations 
in Pl pe only affect Toll signaling, in sgl mutants both Wg and FGF signaling pathways 
have been shown to be perturbed (Hacker et al., 1997; Lin et al., 1999). 
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Piously we nave reported ft, the tow vc/u (,„, 
*e of Hh ,o target cc„s (BCatche « a , „ 98) . „, wffi no , J 
tough Cone, of ce„s fta, ,ac k both,* and ltv suggestmg ^ ^ ^ 
for Hh movement, ttv i. a member of a , se „ e famjly whkh ^ 
*. human mu,„p,e exostoses ^ a ^ ^ ^ ^ ^ 

a>r i; « hlV£ ^ imPUCa ' ed HSPGS b '°~ M *ormic k e, 

0«<) e, a,., ,998, have reported «ha, the in a bilily of ^ Herpes simpIex 

V™ to mfec, .he mouse ce,l B „e so 6 9 correlates ^ . defec , fa Hs 
efect, however, can be rescued by infroducu* an cDNA into the mutan, cell line 
Second, Lmd « al. (1998, (Lind et aL, ,998, have isCated an M homo.og as a 
glycosyi^W require, for the biosynthesis of HS from bovine senu, AiU.ge.her 
these stuftes have ied ,o ft, mo de, tha, E x, proteins encode HS polymerase enzymes ft.' 
*» the G,cA ,„ GlcNAc saccharides together. Here we show > vivo evidence that ttv is 
mvoived in HS-OAG biosynthesis, ftus providing the firs- evidence ft. HSPGs pIay . 
«W ro e in Hh signaling. Since other growth facto* such . mmSm ^ ^ 

&m,lKS ^ HSPGS fOT » investigated the specificity of Ttv to Hh 

agnahng. We demonstrate fta, „ does no, afr Kt W g and FGF signahng paftways 
suggesting ft. ftere is . ^ oilldmg fcr ^ ^ ^ ^ ^ ^ 

r^utredto generate tha, sequence. We have identified anofterZWpM,,*, gene and to 
account for the specificity of itr to Hh signaBng, we speculate that Hh specific HS-GAGs 
are synttesized by a complex ft* includes Ttv and a, !east one specific sulfotransferase. 

(b) Results 

Tout veto is involved in HSPGs biosynthesis 

ttv is 56% homotogous te £»y, and 26% homologous to U, «v is a zygotic lefta, 
mutation and animals derived from heterozygous ttv fema.es die a, fte pupa, ^ 
However, when both maternal and zygotic ttv activities are removed foUowing fte 
genera of females wift „ germane Cones (see Experiment* Procedures,, ttv embryos 
d.edurm 8 ernbryogenesiswiftasegme„,polar i ^pheno ty pe(s=ebelow,. We refer to these 
embryos as embryos" in fte ,ex,,We have previously shown that in «v mutan, Cones 
- fte wing imaginal disc Hh movement is affected (Bellaich. e, a,., ,998). Recently two 
reports have implicated Ex, proteins in HSPGs biosynftesis (McConnick e. a, ,99 8 
Und, ,998 *„. Since boft reports have only shown indirect biochemica, evidence thai 
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Exts are gl ycosyl,ransferase», we investigated th. * vivo toction ofthe DrM ^ l7a E]fl 
homolog „v. Therefore, we whether Hs Wosyn(hesis ^ afcted , n ^ 

of /rv activity. 

nrJ 0 !^ ** " ° f HSPGS WC ^ •» - -Wy 

■ (3G10) winch recognizes an epitope generate following digest™ of HSPG with 

hepannase HI. Following mis digestion of the HS sugar chains, one desaturated uronate 
restdues per chain will remain linked to fte core protein, and therefore the 3G10 antibody 
w,ll tn.ce the core protein (David e, al., 1992). Staining of wi,d type embryos with 3G!0 
reveais a uniform staining during eariy sfcges and a more pronounced c^hal nervous 
system staining a, later stages (Figs 6B and C). No saining could he detected in embryos 
wnrch have no, been treated with heparinase m (Figs 6A and D). In contrast to wi.d type 
the staining detected by 3G10 in „ embryos was strongly reduced (Fig. oE). However this' 
aammg was recovered when wild type „ activity is reintroduced zygotic^ in ttv 
embryos, as shown for example in Fig. 6F where ttv expression is under the comrol of me 
promote of the pair rule gene hairy (h-,*,). Finally, using mis assay, we found that ttv is 
no, a tate limiting enzyme in HS biosynthesis because no additional seining was found 
wrthm the hairy stripes when h-ttv is expressed in wild type embryos, 

The reduced sfcining detected by the 3G10 monoclonal antibody in ttv embryos 
(F.g 6E) could be due to residual Ttv activity. Therefore we determined whether the m 
1(2)06681 „ , 

allele used in our experiments is a complete loss of (unction mutation We 
crossed females wim *, germline clones to males heterozygous for W2)i , , 

Mcie °T ZsT"^ *" " 11,6 KgmaM cu " cIe pbamtyp ° (sce 

»f If IDf(2R)Trix embryos is similar to the phenotype of itv'® 00611 ! 

homozygous embryos (Fig. 6H and I) indicating that the Me behaVM „ t 

«*« 2>006S ' embryos (Fig. 6J), indicating ma, me J^66S, M ^ ^ ^ 
null allele. 

Because t J( 2 )0668J Uk 

Because tfv behaves as a complete loss of function allele, an explanation 

for the 3G10 reduced staining in ttv embryos is that there might be at least one other £*: 
Wee gene in the Drosophila genome. We found one DrosopMa EST database with some 
homology to ttv. When the cDNA clone was sequenced, we. found that it was more 
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TZZ ,0 r bra,e ^ <M% Protti " - » «' <»* P-in Men,*, 

<F* 7, Therefore we named te gene ^ ^ ^ j 

and „ are matemaHy expressed ^ ^ 

shown), we propose that the residuaiinincfo- • 
< f \ n 8 PreSCnt in embr y° s is due to activity 

5 of th ls second Me gene . In conclusion, 0Ur data indicate that there are at .east two Ex 

prote,s, TWDExtl and DExt2, expressed m Drosophila embryo , ^ ^ 

Subcellular localization o/Ttv 

> T,V 7 dra ^=npro t ei 0 (Be 1 laich e e t al..l99 8)wll i chc()uldbelocali2edatth5 
p *» mem rane or i„ <he membranes of to ^ ^ To 

^ar .ocahzahon of Ttv, we generated a polyCona, antibody agains, Ttv (see 

r^^* 4 A " h ° U8h te T » - Bloa (Fig 

6H), we could no, ob.ain a convincing fining partem in embryos or in imagina, discs To 
— , .his prob,em, we tagged tbe Ttv protein wim 6 my ^ at „. c ^ 
of a. codtng sequence « This ^ gene when ^ ^ ^ 

tne uas promoter using the Gal4-UAS svoem m™j j „ • 

«•» uas system (Brand and Perrrmon, 1993) is able to 
rescue the segment polarity phenotype of av embryos (data not shown) 

Saining of embtyos or imagina, discs expressing me UAS _ ltmyc camM 
-hfleren, patterns wi,h antibodies against the Myc-epitope did no. reveal any piasma 
membrane staining; however, perinuclear and punctated steining was obvious (Fig 8A) To 
*dress m which subcolhOar comparing me Ttv protein can be found, we tested whetter 
Trv-myc colocaUzes with either the Oolgi protein , -copD. (Fig. 8B), or the Endoplasmic 
Reticulum (ER) protein Bip (Fig. 8C). Interesdngly, Ttv . myc 

and pamal.y with B . C „ P n (Fig.38 D) . Furiher, we did no. detec. a conization with J 
Plasma membrane markers E-cadherin or ArmadiUo (no, shown). Mogemer, these resuHs 
a.d,cate ma, Ttv resides mairdy in U,e ER and in me Golgi, which is consist wiU, us 
nmcoon as an enzyme involved in HSPGs biosynthesis. 

Finally, because we previously demonstrated that Ttv affects Hh signaling we 
performed co-immuno.ocalizadon srudies hereon T«v-myc and Hh. as well as haween 
Trv-myc and Pte. In u>ese experiment, we could detec. the Trv-myc pro,ein a. me apica, 
bn also basolateral comparhnems of c=.ls, and .he Trv-myc protein did no, colocaHze wiu, 
enher Hh (Fig. 8E and F, or Pte (Fig. 8G and H). Tnus, because Ttv affecK HS 
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biosynthesis, we conclude thai its effect onfflijiie ■ - , , 

. t on Hhdiffimon is indirect and mediated through 

the interaction between Hh and a HSPGs. 

FGF and Wg signaling is not affected in ttv embryos 

btr It IT ^ !Me,ess m muu,i<ms •* affKt hspgs bi °~ affect 

^ *• W, an FGF pathways (Backer e, ... ,997; Lin et 19M , ^ 
ntrmer addrcss the specificity of Ttv to Hh siting, we examined in deails fte effect of 
loss of m activity on both FGF and Wg signaling pam ways 
■0 To tavestigate if FGF s igralul g is affected in ,„ embryos, we examined the 

^on o, dre mesoderm, a process dependent on the FGF receptor Heartless (H,„ 
agnahng pamway (Gisselbrecht e. a,.. ,996). h wi ,d type embryos, me ventra, m J J 
mvagmates a, stage 6 and a, stage 9 mesoderm ce„s rearrange and form a monger 
Mutaats witi, , e«s ta H(1 si ^ g ^ ^ ^ - 

mesode^cel.donotformamor.l.yer.Sirmlarly.mu.ahonsin^and,,; alsoexhibi, 
a mesoderm migration defect listen, wid. the r„.e of HSPGs in FGF/Htl signaling (Lin 
« aL, ,999). However, surprisingly for a mutation involved m ^ we 
no, d. tec, any defers in mesoderm migration in „ embryos (Fig. 9A-D). Migration of 
Twis (TWO positive mesodermal cells is norma, as wel, as the detain of TWi staining 

etal I B rr HSPGShaVebeMimPli ^ fa W8Si ^< B -«< '^Hacker 
- al., .99 ; Haerry « a,., ,997), we examined whether Wg signahng is affected in tie 
absence of Ttv activity. ,„ the embryo, Wg siting is invo,ved in a number of 
devdopmetua, proves ma, include the maintenance of En expression. » embryos 

absence of naked cuticle (Fig 6H , and disapearance of born „ and en expression (Fig. 
OA-D). However, since Wg and Hh signaling pathways in the embryonic epidermis are 
deaden, on each others, the segment polarfty phenotype does no, aUow us to distinguish 
whedter loss of T. affects eidter Wg or/and Hh signaBng. Th^ we looked at ^ 
Wg-dependen, processes during embryogenesis, like me formation of me SNS and 
formation of RK neurons. In wild type embryos, the invagmation of me tiVee SNS 
neurons can be visualized by saining with antibodies against Crumbs. „ mutants mat 
decrease Wg signaling mere is !ess man three SNS invaginations, while in mutants which 
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increase Wg siting more «han three invaginations can be found (Oonzalez-Gaitan ^ 
Jackie, ,998. The SNS pnenotype of ,» mutant embryos appear wild type (Fig ,0E-G) 
suggesting ta Wg siting is nol affected by ^ of Tw ^ _ ^ ^ • 

de.ec, a requirement for Ttv activity in formation of ^ neuK)ns fc 

correct number of R* neurons, detected using an Even-skipped (Eve, antibody, are found 

(no. show,). Thus, several Wg dependent process are not affected in „ embryos 

To extend the conclusion that Ttv is no, required for Wg, we examined me effect of 
oss of Ttv taction in Wg signahng a, another development* stage: me wing imaginal 
d.scs. In me wing, Wg expressed a, me wing margin conttols patterning along ft. D/V axis 
,n a concentration dependen, manner. Expression of me pleural Ackace -scute gene a, 
the margtn, and mllg ial (vg, and **B- (dlt) „ . longer ^ 
Neumann and Cohen, 1997; Zecca e, a,., 1,95). In * mutol clones me mfn ^ pf 
AI0I. a proneural marker- induced by Wg i„ the wing margin is no, affected (no. shown) 
Further, we find tha, me expression of « is „„, affected (Fig. 10H and 1). Thus as 
concluded from the results in the embryo, Wg signaling in wing imaginal discs does'no. 
require Ttv activity. 



Ttv is required for Hh diffusion 

The expression pattern of the gene bagpipe {bap) also provides evidence that Hh 
agnahng and not Wg is affected in m, embryo, The bap segmental expression at stage 1 0 
dunng the formation of the mesoderm is dependent upon both Wg and Hh signaling Wg is 
reqmred for repression of bap expression between the segments, and in Wg mutant embryos 
bap expression becomes continuous. Hh is required for maintenance of bap expression and 
in M mutant embryos bap expression fade, In m, embryos, bap staining disappears 
provuung further evidence that mds involved in Hh and not Wg signaling in the embryo 
(Fig. 11A-D). y 

Previously, we have documented that Ttv is required for the ability of Hh to reach 
target cells (BeUaiche et al., 1998). To extend these observations to embryonic stages we 
exammed Hh expression in m embryo, Staining wild type embtyos with a Hh antibody 
shows a strong staining in Hh-expressing cells and a punctate staining outside of these cells 
(F lg u re ilEandF).However,in;rv embryos, Hh is only seen in Hh producing cells This 
effect appears specific to Hh because Wg diffusion is not impaired in «v embryos (Fig. l 0 J 
andK). 
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Hh is produced as . prauKor protejn wh . ch amoc 

™T k ^ ^ 3 Ch ° lKtero ' m0ei ' y " a,UChed * N-terminal part of 
Hh (HhNp, wh,ch encode the signaling domain of m Sface ^ ^ t 

anchor ,, ,s presumed ,„ remain bound ,o the memb™. Poner et a , ^ „ 
. have shown ft. ^ can move ^ fa ^ ^ ^ ^ ^ > 

express™. To deKrmine whether the effect of ((v on „, ^ £ 
cholesterol modification of Hh, we tested whether the diffusion of HhN is affected in „ 
embryos. We expressed UAS-HhN under «he control o, en-Ga,4. Interesting* HhN 
dtasesfFig. 11G) and induces ectopic en expression (Fig. UH). Thus, «, is requtaed for 
the proper diffusion of the cholesterol modified HhNp but not of HhN. 

(c) Discussion 

In this exmaple, we report that Ttv activity is required for the formation ofHSPGs 
» DrosopMa, an activity consistent win, the proposal m m ^ ^ 
g ycosy Werase enzymes. We show tha^as expected for such an enzyme, a tagged form 
of Ttv which is associated with biological activity, legalizes mainly in the ER and the 
Golgt. Our phenotypic analysis of «v mutimts reveals that Hh signaling is penned, 
provtdmg the firs, din*, evidence ma. HSPGs are required for proper signaling of the 
hepann-binding protein Hh. Further, because only Hh, bu, not other signaling pathways 
previously shown to require HSPGs, U affected in ^mutants, our results suggest that „ is 
reqtured to synthesize a specific GAG binding sequence for Hh on HSPGs. 

Ttv is specific to Hh signaling 

Using tie 3G10 antibody, we have shown that in tire abso.ee of «v activity the 
amount ofHSPGs is reduced. This result i, consistent wfth th. proposed function of the 
mammalian Ex, proteins in HSPGs biosynthesis. Interesting,* in „ mutant emhyos not 
all HSPGs are absent because there is residual staining detected by 3G10. This observation 
suggeas tha, a. leas, one other DrosopnUa glycosyltransferase is expressed in embryos, an 
observation that we have substantiated by the characterization of DEx,2. 

Although a bovine Ext2 protein has been isolated as a GlcA- and GlcNAc 
Werase, mere is evidence that the activity for the G.cA and GlcNAc transferase is 
mediated by two different enzymes (Lidhol. and Lindahl, 1992). However, a single 
mutational even, was found to eliminate bod. transferase activities in tissue culture cells 
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.ha, .he Wo ^ mjghl share a _ submi . t 

.Wsiy, we reported U,a. in * absence of efther (wMch ^ 

gtacose dehydrogenase, or * (which encodes a N-sulfoWerase) bo* w 8 and FGF 
» Ja,n,g pathways are affected . 0ur ^ rf „ ^ ^ « 

- prepare). Because these enzynres are reouired for ^ formation ^ ^ . 
GAG char, present on HSPGs, we expected bod, W 6 and FGF signaUng .„ be affected as 

a«nbu.ed to dtfferentra, sensitivity „f ftese padtways .„ a reduced amount 0 f HS^AGs 
synthesized by T* because the mk we ^ „ ^ 

~ - and no Ttv protein can be deed h Western blo* prepar^, 
ttv ' mutant animals. 

GAGs chain specificity 

Because of the existence ofa, ieast another DrcsopHUa *, g e„ e , ^ „ bservalion 
to t Hh stgnahng bu, „ 0 , FGF and Wg signaiing „ ^ fa fc ^ rf 

utdtcate that Hh siting is n™ sensitive ,„ . reductfon Q fHS-GAGs tan Wg ^ 
FGF stgna,^. According to this " qMnntativ? » ^ Wg ^ pQp 

wou,d no, be affected in „ embryos bec»e HS-GAGs synthesized by anoZ 
« Ex, are sufficient 10 allow ^ pathways _ ^ 

^ HS-GAGs thatthese factors bind * are presen, We favor the >aU,a,ive» mode,; ,e. 
II rr 15 ^ " ^ ° f m HS -°AGs, becaus 

L . t P f " ^ HWeVer ' * " " * ^ * ™ *- » 'Videnl 
•ta *e acav,* 0 f these pamways is affect*. FurU.er, in the absence of Ttv activity .be 

effect on Hh stgnaiing is similar to the loss of Hh activity. 

All HS-GAGs consist of an alternative chain of GlcA and GlcNAc residues which 

- hnxed together by the g,ycosy Werase**, enzymes. A puzz!e is why there are 
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several &Mike genes in zw, wfa ^ VMebmes . f ^ fc nc[ . ons ^ 
redundant. rais ^ jn a , genes ^ ^ ^ ( . ^ ^ 

of .he £« genes because hi ,rv and 0& „ „ uniformIy sxpresKd ^ 
as assayed by RNA * s„u. To account for the specificity of Ttv to „„ _ 
. <he existence of multiple*, gHles , we propOM ^ ^ ^ g|ycosy 

spec* complexes in the g„, gi „ ith different GAG modifying enzyn.es. Each comp,ex 
m.gh. generate qualitatively differen, GAG sequences which „i„ specifically bind certain 
grow* factors. Because all Ex, proteins may have the saute biochemical activities we 
propose that the specificity of the GAG sequences is generated by ^ 

sultotransferases. Interactions between hq an A ~, ♦ • j 

eracuons between HS and proteins depend on the presence of sulfate 

groups. Binding of the different members of the FGF family f nr « a i 

. rur iair "iy» for example, may require 

Ufa* combmations of suffate group, hence differen, saccharide sequences Such 
sequences may be represented in the same GAG chains, they may also be differently 
expressed in separate GAG chains of me HS. The generation of such specific sugar chains 
would require selective po,ymer modification. Thus. Ttv might form a complex with 
enzymes which generate a GAG sequence required for Hh binding only.which would 
exptan why only Hh signaling is affected in «v embryos. In support of this "enzyme 
complex" model, it has been proposed that chain elongation and n^dification occur 

- a specific suffotransferase which is associated in a complex with Ttv, ,„ generate Hh 
specific binding sites on GAGs. 

Further, mere is now evidence that some sulfotnmsferases are associated with tissue 
spectfic Amotions. For example, i„ the DrosopHUa T„U pathway, pipe, which encdes for a 
2-O-suhotranrferase is expressed in the ventral par. of the egg chamber and has been 
proposed „ activate the protease cascade that leads to Auction of the active ToU ligand 
SpStzle (Sen e. a.., 1998). The effect of^ „„ To „ ^ „ mos , ^ 
«™»gh a GAG attached to a pro.eog.ycan. The role of the pro.eog.ycan could either be 
activation or assemMy of a serine protease complex which processes 9** or 
concentration of SpWe to the ventra, side of the egg chamber. Finally, mice lacking a HS 
2-0-sulfouansfen.se undergo normal embryogenesis, but die around birth They exhibit a 
My penetrant defect in kidney development In addition, the mice also have defects in the 
eye, skeleton, a cleft palate and polydactily of the limb (Bullock et al., 1 998) 
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Role o/HSPGs involved in Hh signaling 

Our results indicate that HSPGs are involved i„ the abihty 0 f H h to reach Urge, 
cells. Although there is only a very low concentration of „h detect* outside 
» cells Hh can have its effect a few eel, diameters wide. Therefore, either the concentration 
of Hh requtred ,„ signal is ve^ low and the low amount of diftsible Hh is sufficient for 
agnaltng or the membrane tethered Hh can be transported from cells ,„ ceHs. One model in 
whtch HSPGs could influence Hh dilution is by concentrating Hh and perhaps 
presenting i, to its receptor (Fig ,2B». Such a function has been proposed for HSPGs in 
FGFs lgmhng . However, if HSPGs are simply concentrating Hh, one might expect that Hh 
cou,d travel over a„c „ double mutau, clone. This model assumes tha, HSPGs are no, 
playing a more active role in the extracellular spreading of Hh. 

Another possibUity is that mere is a transport mechanism for Hh which would allow 
Hh to move from cell lo cell (Fig !2B2). The transport of Hh might involve so died rafts 
whtch are microdomains in the plasma membrane rich in sphingolipids, cholesterol and' 
GPI-anchored proteins (Simons and Dconen, ,997). Since signaling mdecu.es and their 

receptors have been shown to cluster in these raft* it h»„ k„ . . 

mese raits, it has been proposed that signaling 

mtgh. occur in mese microdomains. toterestingly. Hh has been reported to locahze into me 
raft ^fraction after separation of cell extiaca (Rietveld e, al., 1999). Perhaps a GPI-anchored 
HSPGs is required to localize Hh fa these rafts. Wer of GPI anchored proteins between 
cells have been observed and Hh might be transferred from cell to cell in mis way 
OCooyman et al., ,995). The cholestero. modification on Hh might also facilitate Hh 
Jocataatton into the rafts after which transport of Hh can occur. 

Another model is tha, HSPGs play a role in a process which releases Hh from its 
cholesterol anchor and generates a non-membrane bound Hh (Fig ,2B3). Since the HS 2- 
O^fohansferas. encoded by pipe affecte processing of Sp^e i, is conceivable that 
HSPGs have a similar role in Hh processing. Our previous data in the wing disc, however 
W.r*h.fcJ kp< i %1 i l]M- , -B|i-n4|yi4i( ^ 
m the Hh-producing ce,l. However, removing m in the Hh producing cells in me postenor 
compartment did no, abolish Hh signaling in the anterior compartment (Bellaiche e, al 
1998). Thts would also argue against a model in which a proteoglycan to which Hh is' 
attached is cleaved and men shed. This mode, for Hh movement seems unlikely because rrv 
,s cell autonomous and i, is not clear how Hh could be released from the membrane 
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Regardless of the mechanism of Hh movement, our r£sults demonstrate ^ HspGs 
are mvoNed in the regulation of Hh distribution. I, will be of interest * identify the 
protean which faciliu.es Hh movement hterestingly, lhere „ 5everal Gp,.^^ 
proteoglycan in Drosopkila. U,ss of function mutations in one of them, Dally, seems to 
■ affect Dpp signaling (Penton e. al., 1997). Interestingly, the Hrs, p hcnot yp e described for 
Dally, division abnormally delayed in the proliferation centers of the brain, is a phenotypc 
whtch could be atiributed to Hh as well (Nakato e. al., 1995). Hh has been shown to be 
transported through tbe retinal axons and trigger proliferation in the brain (Huang and 
Kunes, 1996). Thus, i, would be interesting , 0 see if transport of Hh is affected in dally 
mutants. 

Extracellular matrix, bone development and disease 

Seven,! grow* factors like FGFs, BMPs, and also Indian Hh are important for 
sketo. growth regulation (Eriebacher e. a!., 1995; Laoske « al., !996 ; Vortkamp e, al 
1996). Mutations in these growth factors or their receptor have been linked to several bone' 
malfbrmity diseases. These grown, factors are seerettd into the extracellular matrix, where 
they diffuse to their urge, cells. One of the major component of extracellular matrix are 
GAGs and PGs. In bone, the macromolecules of the extracellular matrix in cartilage is 
secreted by chondroblases and by osteoblasts and the matrix oan become calcified to form a 
hard smtctitre. Therefore, i, is no. surprising that mutotions that affect proteoglycan 
btosynthesis can lead to skeletal disorders, like the multiple exostoses syndrome (EXT) 
Ex, » probably no, the only HSPG biosynthesis gene affecting bone morphognesis. Mice 
lacking 2-0 sulfotransferase alxo exhibit skeletal abnonaalities (Bullock et al 1998) 
Interestingly, the Diast^hic Dysplasia (DTD) gene encodes a sulfite transporter and 
stamtng for proteoglycans is reduced in DTD patients [Hastbacka et al., 1994] I, is 
posstble that other human bone disorders may result from muuttions affecting other steps 
of proteoglycan biosynthesis. 

(d) Experimental Procedures 
Genetics 

ttv mutant animals derived from heterozygous ttv females die at the pupal stage 
However, when both maternal and zygotic ttv activities are removed, following the 
generation of females with ttv germline clones, ttv embryos die during embryogenesis with 
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a segment polarity phenotype. We refer ,o these embryos . ..,„, mbryos „ ^ ^ 

» -..ma, effect phenotype is patently resale (POTimon „ ^ p- _ 

re*ued rrv embryos that have received . wild lype Mpy of m ^ ^ ^ ^ ^ 

5 Females with germline clones were generated using ,he "FLP-DFS" technique 

(Chou and Perri m „n, 1996). Virgin fema.es of the genotype FRT™ , MCy0 were mated 
with maies of the genotype y w FLP»,+. nfi" WW The resulting progeny 
was hea, shocked a. 37-C for 2 hrs during larva, stages of deve,o P men, miywa^W 

were se.ec.ed. These fema.es were mated to m ,CyO, ft,UcZ ma.es and maternafcygotic 
null embryos were identified by the absence of beta-galactosidase expression. 

For expression of m, in the hairy domain, y w «/>"/+,. ffl7 <J« ,„, mi C13 
*o*P']: HrGAU* females were crossed to WCyO, fu-UcZ; VAS-H, males. For 
expressing HhN in ttv embryos, y w FLP* 2 /*; FRt 013 , K m T°' 3 P [m J>'y UAS . 
HhN/+ females were crossed to ttv efGAL4/CyO,ftz-LacZ^ K . 

UAS constructs and GAL4 kines 

The UAS** construct is an Spel/NotI fragment of the tfv gene which consist of the 
whole gene cloned into the XXX site of pUAST (Brand and Perrimon, 1993).The UAS- 
m*nyc construct is the same construct with 6 myc epitope tags at its C-terminus 

For ectopic expression the GAL4 insertions in hairy-GAL4 (1J3) on the third 
chromosome, en-GAU on the second chromosome in the endogenous genes were used. 

In situ hybridization. 

Antisensetrv,^ and probes were genemted by the DIG labeling kit from 
Boehnnger Mannheim using wither T3 or T7 RNA polymearse. RNA in sin. hybridization 
was performed as described in (Tautz and Pfeifle 1989) 

Detection of Ttv 

For Western Wot analyses, embryos were dechorionated with 50% bleach, dounced 
« 20 mM Tris HCL PH 7.5, 150 mM NaC., 5mM EDTA, .% Triton X-100 a. 4 C with 
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protease i„hibi.ors and centri ftged for 20 min a, ,4 OOOxg a, 4-C. Amount of pr01ei „ was 
measured using Biorads protein assay ( Biorad) Md 100 „ of p ,„ tein ^ lMded in ^ 
lane, mununoblolling was performed as described in Harlow and Lane. 

5 Immunohistochemistry 

Embryonic cutides were prepared by the Hoyer's mountan, method (var, der Meer 
1977). F,xa,,on of embryos, antibody staining were performed as described in Pate! 1994 
Treatment of embryos ,o expose the epitope recogmzed by the 3G10 monoclone antibody 
SeAagaku, was done with 500 tnU/ml heparinasein (Sigma, in 50 mM Tris-HCL PH 7 2 
> 00 rnM Nad, imM Ca C12, 0. 1% Triton-XiOO, 5 u g/m, BSA. Embryos were incubated 
for 1 hrs a, 37- C _d sfcined with 3G.0 antibody. Secondary anybodies for 
tastochemtca, staining were from Veotorlabs, fluorescent secondary antibodies from 
Ja*son tanrunoresearch. Embryos sections were performed as described in Gisselbrech, 

(e) References for example 5 

Ahn, J., Ludecke, H. J., Lindow, S, Horton, W. A., Ue, B., Wagner, M. 

Horsthemke, B., and Wells D E HQQ^ n«„,\, fl . 

, wens, Ub. (1995). Cloning of the putative tumour suppressor gene 

for hereditary multiple exostoses (EXTl). Nat Genet 1 1, 137-i 43 . 

Bejsovec, A., and Wieschaus, E. (1995). Signaling activities of the Drosophila wingless 
gene are separately mutable and appear to be transduced at the cell surface. Genetics 139, 

Bellaiche, Y., The, I., and Perrimon, N. (.998). Tout-velu is a Drosophila homologue 
of me putative tumour suppressor EXT-i and is needed for Hh diffusion [see comments] 
Nature 394, 85-8. 

Binari, R. C, Staveley, B. E., Johnson, .W. A., Godavarti, R., Sasisekharan, R., and 
Manoukian, A. S. (1997). Genetic evidence that heparin-like glycosaminoglycans are 
involved in wingless signaling. Development 124, 2623-32. 

Bradley, R. S., and Brown, A. M. (1990). The proto-oncogene int-1 encodes a secreted 
protein associated with the extracellular matrix. Embo J 9, 1569-75. 

Brand, A. H., and Perrimon, N. (1993). Targeted gene'expression as a means of altering 
cell fates and generating dominant phenotypes. Development / 18, 401-15. 



-67- 



WO 99/50385 

PCT/US99/06892 

Bullock, S. L., Fletcher, J. M., Bedding R . S „ a„ d wjlson , v . A ( 
agenesis in mice hornozygous for a gene ^ ^ ^ ^ 

sulfate 2-sulfotransferase. Genes Dev 12, 1894-906. 

Burner, D. A., Takada, R„ and McMahon, A. P. (,995). Proteose proofing yields 
5 two secret forms of sonic hedgehog [published emuum appears in Mo. Cell Bio! 1995 
May;15(5):2904J. Mol Cell Biol 15, 2294-303. 

Cadigan, K. M., F,sh, M. P., E. J., and Nusse, R. (1998) . Wmgless 

of Dn*opni,a frizzled 2 expression shapes «he Wingiess morphogen gradient in the wing 

Cell P5, 767-77. 

» <^v,^s^ a( i996>i« l(fctop ^ lnil ^ (lrt ^ <iill ^^ 

Hedgehog. Cell 87, 553-63. 

Cumberledge, S., and Reichsman, F. (1997). Glycosaminoglycans and WNTs- jus. a 
spoonful of sugar helps the signal go down. Trends Genet / 3, 421-3 
^ David, G. (.993). Integral membrane hepanm sulfare proteoglycans. Faseb J 7, 1023- 

David, G., Bar, X. M., Van der Schueren, B„ Cassiman. ,. ,., and Van den Berghe, H 
(1992). Developmental changes in heparan sulfate expression: in sin, detection with mAbs 
J Cell Biol 119, 961-75. 

Erlebacher, A., Filvaroff, E. H., Gitelman, S. E., and Derynck, R. (1995). Toward a 
molecular understanding of skeletal development [comment]. Cell 80 371-8 

Gisselbrecht, S., Skeath, J. B., Doe, C. Q., and Michelson, A. M. (1996). heartless 
encodes a fibroblast growth factor receptor (DFR 1 /DFGF-R2) involved in the directional 
migration of early mesodermal cells in the Drosophila embryo. Genes Dev 10 3003-17 

Gonzalez, F., Swales, L., Bejsovec, A., Skaer, H., and Martinez Arias, A (1991) 
Secret™ and movement of wingless protein in the epidermis of the Drosophila embryo 
Mech Dev 35, 43-54. 

Gonzalez-Gaitan, M, and Jackie, H. (1995). Invagination centers within the Drosophila 
stomatogastric nervous system anlage are positioned by Notch-mediated signaling which is 
spatially controlled through wingless. Development 121, 2313-25. 

Hacker, U., Lin, X., and Perrimon, N. (1997). The Drosophila sugarless gene 
modulates Wingless signaling and encodes an enzyme involved in polysaccharide 
biosynthesis. Development 124, 3565-73. 



-68- 



WO 99/50385 

PCT/US99/06892 

Haerry, T E., T . R ., ^ , ^ ^ 

btos^s dismpl winglKS ^ ^ DTOophiu Dw ) pmm - » 

» JT^tT 1 ' a B " Bejsovec ' A - (,997) ' wtag,ess * — 

5 through two dtstmct mechanisms. Development 7* 3727-36 

Huang, Z., and Kunes, S. (W). Hedgehog, t^rniaed along re|1Ml ^ 
»=urogenes,s ,„ tnedeveioping visua, centeis of ^ ^ ^ ^ ^»» 

complemenl fMtora fcm k ^ ^ 

Lans^B, KarapUs, A. C, Lee, SC., Ua. A., Vorfcamp, A „ p^, ^ M 
Defce, L. H. K„ Ho, C, Muligan, R. C ., Abou-Samra, A. B., Juppner, „ sTgre G v' 
and Kronenberg, H. M (1996) PTH/PTH,>> ^' ' 

),„<>, , PTH/PTHrP receptor m early development and Indian 

neogehog-regulaKd bone growth [see comment). Science 273, 663.6 

^ U EKKer S c, von Kessler, D. P., Porter, , A., Sun, B. ,., and Beachy, P. A. 
I^***^ «• -edgehog protein biogenesis [see comments,. Science 

N acTa K ," " d ^ °" 2) - ° f heparin ' * ^— y'- - 

a „„ H , , ' J< U (I992) " A sm &e mutation affects both N- 

aoetylglucosamtnylw^e and g.ucuronosyitransferas. acAvMes in a Chinese hamster 
™ mutan, defective in heparan suUate bios^es., Proc Nat, Acad Sci U S A J 

"" ^ M '' Pe,Iim0 " , • * ** ""' MiChe,S °»' A - M O «* Heparan suite 

Lind, T, Tnfaro, P., McCormicfc C, Lindahl, U, artd Lidholt, K. (1,98). The putative 
*mor suppressors EXT, and EXR are g^syitransferases reouUed for the biosynthesis 
of heparan sulfate. J Biol Chem 273, 26265-8. 



-69- 



0 



WO 99/50385 

PCT/US99/06892 

Ltadah, „, Kusche-Gullberg, M ., and ^ L . ^ R— 
heparan sulfate. J Biol Chem 273, 24979-82. 

McCormicIc, C, Leduc, Y., Martindale, D., Mattison, K-, Esford, L. E. Dyer A P 

and Tufaro, F..(1998). The putative lumour suppressor cvti „, .u 

' uur oppressor tXTl alters the expression of cell- 

surface heparan sulfate (see comments]. Nat Genet 19 158-61 

MuHor. J. L., CaUeja, M.. Capdevila, J., ar,d Gu'errero, I. (,997). Hedgehog activity 
«en, of decapentaplegic, pupates in wing disc patteming . ^ 

Nakato, H„ Futch, T. A., and Se.leclc, S. B. (1995). Ih= division ataormal|y 
(daUy) 8=n=: a putative integral membrane proteoglycan required for eel, division 
panernmg during postembryonic development of me nervous system in Drosophila 
Development 121, 3687-702. ' 

Neumann^ C. ,., and Cohen, S. M. (1,97). Ung.^ action of Wing.es, organizes me 
dorsal-ventral axis of the Drosophila wing. Development 124, 871-80 

Penton, A.. Selleck, S. B., and Hofrmann, F. M. (1 997). Re^ of M „ , 
synctoomzation by decap^taplegic dtring Drosophila eye development. Science OT 203- 

P ^^B,Zeng,C.,Wen,D, R aylK^P. > Baker,D.P,Wil 1 iam S> K.P Bixler 
S. A., Ambrose, C. M, Garber, E. A., Miaftowski, K., Taylor, F. Wang, E. A., J 
GaU*. A. (1998). mention of a pahnitic acid-modified form of human Sonic 
hedgehog. J Biol Chem 273, 14037-45. 

Porte, ,. A., Ekker, S. C, Pa*, W. ,. von Kessler, D. P., Young, K. E., Chen, C. H., 
Ma, Y, Woods, A. S„ Cotter. R. X, Kooni „, E . v „ ^ Beac „ y p A 

panenung activity: role of a .ipophilic modification mediated by the cartoxy-terminal 
autoprocessing domain. Cell 86, 21-34. 

Porter, J. A., von Kessler, D. P., Ekker, S. C, Young, K. B„ Ue, ,., Moses, K., and 
Beachy, P. A. (1995). The ptoduc. of hedgehog autoptoteolytic deavage active in local and 
long-range signalling. Nature 374, 363-6. 

Reichsman, F., Smith, L., and Cumherledge, S. (!996). Glycosaminogjycans can 
modulate extracellular localization of me wingless protein and promote sig™, taction 
J Cell Biol 135, 819-27. 



-70- 



WO 99/50385 

PCT/US99/06892 

Rietveld, A., Nemz, S., Snnons, t, a„ d ^ s . ( , 000) rf 

cholesterol-linked N-terminal fragment of Hedgehog domain wi lh Drosophila raft ,ip id 
microdomain. J. Biol. Chem. in press. 

ft** H., P„ ner , ,. A ., Chiang, C, Tanabe, Y., Chang, a T„ Beachy, P. A and 
Ml. T. M. (1995). F.„or plate and motor neuron induction by different concerns of 
the ammo-terminal cleavage product of sonic hedgehog autoptoteolysis. Cell SI 445-55 

Salnnvim, M., Lidholt, K., and Lindah!, U. (1996). Heparan sulfate: a piece of 
information. Faseb J 10, 1270-9. 

Sen, J., Goltz, J. S., Stevens, L., and Stein, D. (1998). Spatially restricted expression of 
Pipe » the Drosophila egg chamber defines embryonic dorsal-ventral polarity Cell 95 
471-81. ' 

Simons, K., and Bconen, E. (1997). Functional rafts in cell membranes. Nature 387, 



569-72 



Stickens, D., Clines, o, Burbee, D., Ramos, p., s _ ^ D _ J x 

Lovett, M., and Evans, G. A. (1996). The EXT2 multiple exostoses gene defines a family 
of putative tumour suppressor genes. Nat Genet 14, 25-32. 

Strigini, M., and Cohen, S. M. (1997). A Hedgehog activity gradient contributes to AP 
axial patterning of the Drosophila wing. Development 124, 4697-705. 

Vortkamp, A., Lee, K., Lanske, B., Segre, G. V., Kronenberg, H. M., and Tabin, C J 
(1996). Regulation of rate of cartilage differentiation by Indian hedgehog and PTH-related 
protem [see comments]. Science 273, 613-22. 

Zecca, M., Basler, K., and Struhl, G. (1 995). Sequential orgamzing activities of 
engratled, hedgehog and decapentaplegic in the Drosophila wing. Development 121, 2265- 
78. 

Example 6: Dally, a member of the P |yn,>, n famil y n ru^ „..„ ate nrntPft?lv „ ttwe 
regulates Wingless signalin g j n /w„ r A,v„ 

Characterization of the Drosophila gene sulfated, which encodes an homolog of 
vertebrate heparan sulfate N-deacetylase^-sulfotransferase - an enzyme essential for the 
modification of heparan sulfate (HS), reveals that HS proteoglycans (HSPGs) are necessary 
for Wg signaling. We have identified Dally, a GPI-linked Glypican, as the HSPG molecule 
involved in Wg signaling. Loss of dally activity, both in the embryo and imagmal dies 
generates phenotypes reminiscent to loss of Wg activity. Interestingly, dally is co- 
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expressed with d» W g receptor Dfc2. W« propose that Dal ly serves as a co-receptor fo, 
Dfz2, and together with Dfz2 routes both short and long-range activuies of Wg. 

(a) Introduction 

During the development of multiceUular organisms, the generation of complex 
patterns is controlled by several key scaling molecules including members of the W„, 
Hedgehog (Hh), TGFb, TOFalpha and FGF famine, The secretion, distribution and 
subsequent signaling of mese signaling molecules on fte eel! surface play essential roles 
for the coordination of ce„ grown, and differentiation. These sig^ling molecules usually 
btnd tightly ,„ the cell surface upon secretion and some of mem can serve as morphogens 
tnggermg intracellular events to a concentration-dependent manner to specify cell fates 
Wmle the intracellular events regulated by these signaling molecules have been extensively 
characterized, i, is not well understood how they „ regulated from the time of their 
synthesis to forming active complexes with their receptors. 

One of the major class of cell surface molecules are heparan sulfate proteoglycans 
(HSPGs). HSPGs are ubiquitous macromo.ecules associated with both the cell surface and 
the extiacellular matrix (ECM). HSPGs consist of a protein core to which Heparin/HS 
glycosaminoglycans (HS GAGs) are aKached (reviewed by Bemfield et al„ 1992- David, 
1993- Kjellen and Lindahl, 1991; Yanagisbita and Hascall, ,992). The glycosyl 
nhosphatidylinosito, (GP!) linked Glypicans and me t^nsmemhane Syndecans represent 
me two major «11 surface HSPGs. While Syndecans bear bom HS and chondroitin sulfate 
(CS) GAGs, Glypicans are exclusively attached to HS GAGs (Bemfield et al 1992- 
Davtd, 1993). Through a series of modifications in HS GAG chains, enormous aructure' 
heterogeneity can be generated. Thus, both the modification of HS GAG chains as well as 
*e nanrre of the core proteins can potentially play a role in the specificity and function of 
HSPGs. /„ vitro biochemical studies have demonstrated that HSPGs play critical roles in 
vanous cellular processes such as cell adhesion, neurite outgrown, angiogenesis 
tumongenesis and tissue repair mechanisms (reviewed by Bemfield et al., 1992; David! 
1993; Kjellen and Lindahl, 1991; Yanagishita and Hascall, 1992). In the context of signal 
Tansduction, HSPGs have beet, implicated to function as co-receptors for a number of 
grow* factots, internalization of receptorsand transport of signaling molecules (Salmivirta 
« al., 1996). However, the importance of these molecules in development remains to be 
elucidated. 
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Wingless (Wg) encodes a protein of the Wnt family and acts as a critical regulator 
in many developmental processes both during embryonic and larval development 
(reviewed by Siegfried and Perrimon, 1994). Genetic studies in Drosophila, in 
combination with biochemical studies, have led to the identification of a number of 
downstream molecules required for Wg signaling (for reviews, see Cadigan and Nusse, 
1997; Cox and Peifer, 1998; Dale, 1998). According to a current model, Wg protein bind to 
the seven transmembrane receptor, Drosophila Frizzed 2 (Dfz2), and transduces its 
signaling to several downstream components resulting in the accumulation of cytoplasmic 
Armadillo (Arm). Arm subsequently translocates into the nucleus to form a complex with 
LEF/TCF transcription factors. Together Arm and TCF regulate the expression of many 
downstream target genes such as engrailed (en) in the embryonic epidermis, distalless (dll) 
and genes of the achaete scute complex (acs) in the wing. 

Genetic studies have demonstrated that Wg can exert both short-range and long- 
range effects during the development of the embryo and imaginal discs (Bejsovec and 
Martinez Arias, 1991; Struhl and Basler, 1993; Hoppler and Bienz, 1995; Lawrence et al., 
1996). For example, at the wing margin, wg is expressed in a narrow strip of four to five 
cells wide straddling the dorso-ventral (D/V) boundary, and Wg proteins form a gradient 
over a distance of up to 25 cell diameters (Zecca et al., 1996, Neumann and Cohen, 1997; 
Cadigan et al., 1998). Wg acts as a short-range organizer to activate the expression of 
several genes adjacent to the wing margin, including members of the acs complex. Wg 
also functions as a morphogen to directly activate the transcription of several target genes 
such as dll in a Wg-concentration dependent manner (Zecca et al., 1996, Neumann and 
Cohen, 1997). However, what factors govern the shape of the Wg morphogen gradient and 
how the activity of Wg is regulated is not clear. Recent experiments have proposed that the 
expression of the Wg receptor Dfz2, which is negatively regulated by Wg signaling, plays a 
role in shaping the gradient of Wg activity. Overexpression of Dfz2 in wing discs was 
found to increase Wg range, possibly as a result of the stabilization of Wg when it is 
associated to Dfz2 (Cadigan et al., 1998). 

Biochemical studies have shown that both Wg and its mouse homolog Wnt-1 are 
high-affinity Heparin-binding proteins (Bradley and Brown, 1990; Reichsman et al., 1996). 
Both Wg and mouse Wnt-1 are poorly secreted and usually tightly associated to the cell 
surface as well as the ECM (Papkoff and Schryver, 1990; Bradley and Brown, 1990; 
Gonzalez et al., 1991; van den Heuvel et al., 1993; Reichsman et al., 1996). Further, the 
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r zr ws pro,eins ° n * e cen surace - te * 

•ha, HSPGs m,gh, be ^ru*,, faors in Wg ^ ^ u ^ » 
expenments, Wg signing can be inhibited by removal of „ S „ ilh Heparins or by 
> Team™, of ce„s with sodium perforate, a competitive mhibitor ,„a, b,ocks the suHation 
of proteogiycans (Reicbsman « „, ,o 96) . Further> we ^ ^ ^ 

of "; W «~ •** «*■ » homolog 

, Too?^ dehydroge0aSe ' Wg ^ " **— (Binan e, a,., , 997; Haecker e, 

actd < G1 cA). Because G.cA is requtfed for ft, fcrm4tion of Hs> cs ^ ^ 
(DS), ,1 ,s no, known what class 0 f proteoglycans „, mvolvKl for Wg 

In to paper, we report the characterization «f -jtafa, «fc which encodes a 
A*** homolog of vertebrate HS NKieacery.as^. s »,f„ t ra» sf e ras e (NDST) m 
mammalian cells Ws enzyme is quired specifically for the modification of HS GAGs bn. 
no, CS and DS GAGs. We demonstrate that Sf. is required for W g signaling „ . number of 
tissues during bom embryonic and imaginal discs development Uese result provide 
evidence mat HSPGs are involved in Wg si^g md m ^ pUy ^..^ 
roles wrth other types of prolans in the context of Wg signaling. Further, we provide 
evidence that the pmduc, ^ gene, a Drosopniia homolog of Glypican (Nakato et al 
995), erodes the protein component „f to HS PG involved in Wg signaling' 
Interesting*, we find ft* daify is ^ ^ ^ ^ _ 

scaling as observed for D fi 2 (Cadigan e, al., ,998). Altegemer, our resu.ts suggest ft. 
HSPGs play a key role in modulating Wg activity and that Dally functions as a c^rec^pto 
for Wg m regulating both short and long-range activities of Wg. 

(b) Results 

Sfl isinvolwiin Wg signaling during enbryonic development. 

sfl was identified in a genetic screen ,„ characterize the maternal effects of zygotic 
lethal mutations (Perrimon e, a,., ,,96; and Experimental Procedures for dMH 
Homozygous * muam animals derived from heterozygous momers die a, ft. ftird instar 
larval or eariy pupal sUges. However, homozygous * mutant embryos derived from 
females lacJdng germlme sfl activity (referred te as „ null embryos throughou, the tex,) 
*e wm, a segmen, polarity phenotyne. The sfl maternal effect is completely paternally 
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rescue indicating that „ is expressed at ^ both ^ ^ 

embryonic development. 

The cuticle phenotype of sfl null embryos i, r e minisceM of ^ pheno|ypK 
exited by either mutations i„ „, or M . We ^ ^ ^ 

mRNA, and W g m d E» protein i„ „ „„„ mutanl ^ ^ rf 

and „ ,„ these embryos are reminiscent of those observed in either „ or U, „ U U mutants 
(DtNardo e, al., IN* vat, den Heuvel e. a.., 1993; Yoffe et a,., ,995; Martouldan e. al 
1995; Alcedo e. al., 1996), and thus are consistent „ith a role for sfl in either Wg and/or 
Hh scaling. It is wormy u, note that in sfl „„„ embryos, Wg is nearly completely absent 
when En begin to fide during l a ,e stage 9 in sfl. Tins result arggests tha, in sfl null 
embryos Wg proteins may have diffused in the extracellular space or have been degraded 
upon their secretion. 

To address more specifically whether Wg signaling is perturbed in the absence of 
sfl activity, we examined the development of several other embryonic tissues that require 
Wg actmty. These include the development of the stomatogastric nervous system (SNS) 
(Gonzalez-Gaitan and Jackie, 1995) and the second midgut construction (Bienz 1994) 
Exammauon of sfl null embryos revealed that the SNS invaginations do not occur properly 
and resemble those found in weak Wg mutants. Further, in sfl null embryos, the second 
midgut constriction does not form as observed in Wg mutants. Altogether, our results 
imphcate a requirement for Sfl activity in Wg signaling during embryonic development. 

Sfl is required for both short and long-range activities of Wg 

To further substantiate a requirement for Sfl activity in Wg signaling, we analyzed 
the effect of sfl mutations during wing imaginal disc development. Wg is required for D/V 
patterning and acts as a short-range inducer to activate the expression of several genes such 
as neuraltzed (neu) at the wing margin (Phillips and Whittle, 1993; Couso et al., 1994). Wg 
also functions as a morphogen to directly activate the transcription of several target genes 
includmg dll in a concentration dependent manner (Zecca et al., 1996, Neumann and 
Cohen, 1997). sfl homozygous mutant animals derived from heterozygous mothers die as 
late larvae to early pupae. In sfl mutant wing discs, the expression of neu, detected with the 
AlOl marker, is abolished, suggesting that Sfl is required for short-range Wg activity 
Further, the expression of Dll is strikingly reduced in sfl mutant discs reflecting a role of 
Sfl in long-range Wg signaling. Consistent with these results, clones of sfl mutant cells 
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induced at the first instar stage generate severe wing margin defects, a phenotype also seen 
with W g or disheveled (dsh) mutant clones (Couso et al. f 1994). Interestingly when 
induced at a later stage (late second instar), a number of sfl mutant clones exhibit partial 
wing margin defects. This observation indicates that sfl does not act in a completely cell 
autonomous manner at that stage, possibly as the result of perdurance of the wild type Sfl 
product. Altogether, our results strongly argue that Sfl is required for both short and long- 
range Wg activities in the wing imaginal disc. 

sfl encodes heparan sulfate N-deacetylase/N-sulfotransferase 

To molecularly characterize the gene associated with sfl mutations, we cloned the 
genomic DNA flanking the P-element insertion associated with sfl!< 3 > 03844 following 
plasmid rescue. A DNA subfragment adjacent to the P-element insertion was used to probe 
a Northern blot and a 5.0 kb transcript was identified. This DNA subfragment was then 
used to screen a 0-4 hr embryonic cDNA library. A 4.89 kb" full-length cDNA clone was 
isolated and found to encode a conceptual pretein of 1048 amino acid residues in length. 

Three lines of evidence suggest that the cDNA we have isolated corresponds to sfl. 
First, the sequence of the cDNA, when compared to the genomic site of insertion of the P- 
element, revealed that the P-element is inserted 686 bp upstream of a putative ATG start 
codon in the untranslated 5' region of the cDNA. This suggests that the P-element insertion 
may disrupt the sfl transcript. Second, Northern blots probed using a sfl cDNA detect no sfl 
maternal transcripts in 0-1.5 hr embryos derived from females with sfl germline clones, 
indicating that the P-element insertion disrupts the sfl transcript. Third, in vitro transcribed 
sfl RNAs injected into marked sfl mutant embryos were able to rescue the embryonic null 
mutant phenotype derived from sfl germline clones. 

A search of the protein sequence databases revealed that the putative protein 
deduced from sfl cDNA has striking homology with vertebrate HS/Heparin N- 
deacetylase^-sulfotransferase (NDST) (Hashimoto et al., 1992; Orellana and Hirschberg, 
1994; Eriksson et al. 1994; Aikawa and Esko, 1999), which are essential for the 
modification of HS/Heparin polysaccharide chains. Three isoforms of NDST have been 
identified in vertebrates and these enzymes all exhibit N-deacetylase^-sulfotransferase 
activity with certain differences in expression. As shown in Figure 3D, while the 160 N- 
terminal amino acid residues are distinct from rat NDST1, the remaining sequences of Sfl 
is highly homologous with an overall identity of 51%. Similar amino acid identities were 
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observed between Sfl and vertebrate NDST2 and NDST3 M-t * u 

The analysis of sfl impUca.es tha, HS GAGs, bu, no, other Casses of GAOs are 
« proper Wg siting. since Hs GAGs are a«ac„ed t0 vanous protein ^ 
orm HSPGs, we searched for candidate g e„es tha, rou , d end ^e 

» ^alleles exrub,. some wing margin defccts ^ W 

reminiscent ,„ partial .oss of ^activity. ''""T ' 

A* a firs, step to examine me role of in Wg signaling, we determined the 
™ * "*NAs in embtyos by „ silu byb ^ w , ^ ~ 
expressed W maternally and zygoticaUy. At early stages transcripts „ 

» ™°ry„s, nanscrip. are expressed in three to four cells anterior to 

- sttpes of My expression overtap witn those 0 f m e Wg ^ 
^7: tSh0 ™ ) ^^-'«)~ 8 aro,e f or^mW g JZ 

examinrm H??" 5 ^ ** " * * 8 S ^ Action,' w. 

exanuned me cut,c,e pnenotype of ^ mutan, embryos. Al, „ e avaiUble ane.es are 

homozygous viable to some ex,en,, with My * dall}P ,„ ^ m 

rr r -* - ^ ,99s: ^ — — ^ 

- — y expressed, ,„ generate stronger resulting My mutanl J 

reclined aU me singer My al,e,es wuh me FRT* chromosome to generate females 
«h homozygous M fy gamlin , donK . Mly ^ ^ 
homozygous for ^ gerralme ^ ^ 

retype can be srgnrficantly enhanced by removal of one c^y of * in me mother, or 

277- ma ;^° n ^^<™^*<™^ twimar^le 
of in Wg signaling. 

Because a„ available mutants are weak alleles, we used double-snanded RNA 
(dsRNA) mterfere^e as a method to interfere with me activity of me ra dogenous My 
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gene (Kennerdel, »d Carthew, ,oo 8 , We injected ^ C0ITOpmding ,„ 

co .n g reg ,on aSiaUy int0 wjld ^ embiyos Embiyos to . Kied wj(h J - 

«±*« a severe segment polarity cuticle defects, similar t0 those injected with „ r , + 
U« sRNAsOCennerdeU and Carthew, , 998 , No ^ ^ _ ^ 
contro, experiment injected with buffer. „, resu|1> ^ ^ ^ 
*«v* between * ffld „ stro „ gIy ^ ^ ^ . a mw segmmia(iOT 

and .ha. „ , s requtred at least for Wg signaling i„ the embryo. 

To finder examine the ro,e of i„ W g signaling, we analyzed ^ rf 
** dunng wmg imagina, dise deve,opme„, Consist ^ ^ 
a.., 1995), we observed that only 3% of homozygous *» animals, tha, carry me weak 
aUeles or W<» can be recovered and exhibit wing margin defects. This 

frequency can be increased by 2 to 3 fo,ds when a sing* copy of „ is removed The 
en*™ of the wing defects of mutan, by a reduction in Wg activity suggest, 
that Dally plays a role in Wg signaling at the wing margin. 

To determine whether Dally cooperate with the Wg receptor Dfz2 in wing 
panenung, we tested whether ** ^ ««, ^ , ^ rf ^ 
phe^otype. Ectopic expression of a dominant negative form „f m ^ ^ ^ 
to ta extra-cellular domain a«i the firs, transmembrane domain, has been shown ,„ 
block Wg scaling, probably by binding to Wg in a non proactive marmer. When D62N 
- expressed ectopically using the Gal4 line C96, which drives expression in me 
presumptive wing margin, flies develop partial margin defect. However, mis phenotype is 
toaucaUy enhanced in homozygous Miy mutants sugg^ mat Mly 
agnaltng. Importantly, ectopic expression of a gain of function A™ protein (Ann slO 
*- e, a,., , 997) , «. which me 54 N-ternrinal amino acid residues of 1 are ££2 
fully rescue the wing defects, suggesting Ota, Dally acts upsfrean of Am, Simitar result 
were obtatned when another dominant negative form of Dfz2, GPI-Dfz2N (Cadigan e. a. 
1 99 ), was used (data not shown). Altogether, these gai etic interactions are consistent with' 
a roie of Dal ly in Wg signaUng and suggest tha, Dal.y may act together with Dfz2 in Wg 
reception. 6 
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V dally acts together with Dfc2 ,„ mediate Wg signing, D„ ly may also be 
reared for the o,her fictions „f Dfe2 in Wg signali „ g m ^ ^ ^ ^ 

mvolved ,n shaping the gradient of Wg distribution and determine the response of eelis ,„ 
Wg. Uniform J*, overexpression in the w,„g ^ueh leads to eetopie brist.es formation to 
- wing Made, most likely reflecting me activation of Wg siting above its normal level 
(Cadigan et al., ,998). As observed previously, ectopic expression of Dfi2 driven by the 
Gal4 l,ne 69B resulted in wings with ectopic bristle, to a dally mutan, background me 
formation of ectopic bristies was drastically reduced suggesting that a mutation in Mly 
b ocks the activity of Dfz2. Further, we examined me effect of on me expression of 
* winch ,s normally expressed a. high levels close to ^-expressmg cells and form a 
jradten, at further distance. Ectopic expression of Dfi2 landed the expression levels of 
Dl. much further ftom me D/V border than in the cntrol. The expression of m to dally 

m iS « vacantly redded, suggesting that a reduction of 

dally activity reduces Wg signaling. 

It has been previously demonstrated that misexpression of Dfz2 alters Wg 
dtstnbuoon by increasing its stability (Cadigan et al., 1 998). We tested whether a reduction 
m my gene activity would affect the formation of Wg/Dfz2 signaling complexes, ff mis is 
the case, one might expec, ma, Wg distribution, in wing imagfaa. discs overexpressing 
Dfz2 and mutant for dally, would be affected. Wg distribution was compared fa VAS- 
Dt2/69B.Ga,4 and UAS-Dfi2 dallyP2J69B-Gal4 dal,yP2 wing discs. A significant 
reduction in Wg protem distribution was obsen-ed in a dally mutan. background 
suggesting that a reduction fa dally activity destabilizes Wg/Dfz2 complexes An' 
alternative model to explain the effect of dally on Wg distribution, is ma. Dally is favolved 
in the transport of Wg proteins. 

Dally expression is similar to Dfz2 and inhibited by Wg signaling 

Previous studies have demonstrated that Wg signaling inhibits Dfz2 expression in 
the wmg „naginal disc (Cadigan et al., 1998). Similarly, when we examined the expression 
of dally in Wang discs, we found that dally mRNAs are expressed in a pattern very similar 
to Dfz2 mRNAs, with lowest level at the D/V boundary. To determine whether the 
express^ pattern of dally is negatively regulated by Wg signaling, as previously shown 
for Dfz2 (Cadigan et al., 1998), we expressed a dominant negative form of dTCF (dTCF DN ) 
to block Wg signaling. When Wg signaling activity is repressed by ectopic expression of 
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dTCF 



DN in the Patched (Ptc) domain, dally transcription is strikingly increased. Thus, 
the case of Dfz2, dally expression is down-regulated by Wg signaling. 



as in 



(c) Discussion 

Sfl and Dally are involved in Wg signaling. 

We have characterized a novel segmentation polarity gene, sfl, that encodes an 
enzyme specifically required for the modification of HS GAGs. In the absence of both 
maternal and zygotic sfl gene activity, embryos develop with cuticle patterning defects 
similar to those observed in either W g and/or hh mutant embryos, sfl embryos also show 
defects reminiscent to loss of activity in other tissues such as the SNS and midgut In 
addition, we found that sfl is required for both short and long-range Wg signaling in the 
wing imaginal disc. All the defects observed in sfl null embryos are identical to those 
associated with mutations in the sgl gene, which encodes another enzyme involved in the 
biosynthesis of various proteoglycans (Hempel et.al, 1994). However, unlike Sgl which is 
involved in the formation of HS, CS and DS GAGs, Sfl activity is predicted to be specific 
to the biosynthesis of HS. Thus, our results provide the first genetic evidence that HSPGs, 
rather than other proteoglycans, are required for Wg signaling during both embryonic and 
larval development. 

We have identified the product of the dally gene, a member of the glypican family 
as the protein core of the HSPGs involved in Wg signaling. Several observations support 
the model that Dally function in Wg reception. First, disruption of dally function in the 
embryo, either by mutations or by dsRNA interference, is associated with patterning 
defects reminiscent to loss of wg activity. Second, a reduction in dally gene activity in the 
wing exhibits margin defects, a phenotype which can be further enhanced by either a 
reduction in Wg activity, or following ectopic expression of a dorninant negative form of 
the Wg receptor Dfz2. Third, dally mutations block the activity of ectopic expression of 
Dfa2 and affect Wg distribution in the wing disc. Finally, dally is expressed in a pattern 
that resembles the expression of Djz2 both in the embryo and wing disc, and, as observed 
for Dfe2, is down-regulated by Wg signaling. 

HS GAG modifications and Wg signaling. 

In vertebrates, HS is a ubiquitous GAG that is closely related to Heparin, a GAG 
expressed in vivo solely as a proteoglycan within the granules of mast cells and basophils 
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(reviewed by Bernfleld et al., ,992; Kjellen and Lindahl, 1991). Biosynthesis of HS and 
Hepann are similar in vertebrates and invertebrates, and are initiated by formation of a 
polysaccharide chain consisting of multimers of D-glucuronic acid bl,4 - N-acetyl-D 
glucosamine ai,4 (GlcA-GlcNac) disacchandes. Subsequently, several modifications 
including N-deacetylation and N-sulfation, Uronosyl CS-epimerization, 2-0-sulfation 6-0- 
sulfation and 3-0-sulfation occur (reviewed by Kjellen and Lindahl, 1991, Lindahl et al., 
1998). HS N-deacetylase^-sulfotransferase (NDST) catalyzes N-deacetylation and N- 
sulfation, which is a coupled reaction and is the first and key step to initiate further 
modification reactions of HS/Heparin. Sfl protein is strikingly homologous with all three 
isoforms of vertebrate NDST. These proteins are homologous enzymes with certain 
differences in expression and possibly in specificity (Hashimoto et al., 1992; Eriksson et 
al., 1994; Orellana and Hirschberg, 1994; Aikawa and Esko, 1999). These enzymes have 
been suggested to be derived from an ancestral gene (Eriksson et al., 1994). Since sfl is 
expressed ubiquitously throughout embryonic development, iris likely that Sfl represents a 
homolog of vertebrate NDST or a prototype enzyme of vertebrate NDST. The nature of Sfl 
implies that in sfl null mutants, modification of HS GAGs do not occur. Since sulfation and 
epimerization of HS/Heparin molecules provide structural identity and negative charges 
which are critical for its interaction with proteins, loss of Sfl activity will result in the 
generation of unmodified HS/Heparin, and thus impair the normal function of HSPGs. 
Based on these considerations, we propose that in the absence of Sfl, Wg signaling is 
perturbed due to the abnormal biosynthesis of HSPGs. 

If the general synthesis of HSPGs is perturbed in sfl, then it is expected that other 
signaling pathways, which utilize HSPGs, may also be disrupted in the absence of Sfl. 
Consistent with this hypothesis, we have observed that both FGF signaling pathways in sfl 
are defective as seen in the embryos with mutations of heartless and breathless, which 
encode homology of FGF receptors (Lin et al., submitted). In addition, we have also 
observed that Hh signaling is affected in sfl mutant (unpublished observations). The 
defects of other signaling pathways in sfl mutant argue that HSPGs are a major class of 
proteoglycans required for signaling of many key growth factors in development 
Dally/Glypican HSPGand Wg/Wnt signaling 

Our genetic data implicate Dally as a molecule involved in Wg signaling. However, 
because all the dally mutations isolated to date are weak alleles (see Experimental 
Procedures), we cannot completely rule out the possibility that at least another HSPG may 
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play a ^l, »*— . taction with Da,, y ,„ Wg sig.^. m us , ^ me comp|e(e 
loss of fon^on ptelotype has bee „ ^ ^ ^ ^ P* 

phenorype, the poU-tty remains tha, another HSPG is also Solved i„ W 8 signaling 
^restinglv, a seal*, of ^ base ^ ^ ^ ^ ^ 

Glypican famtiy in the EST daabase. Another possibility is mat Sy „decan, which is with 

Glyp.can ,„e other major ceU surface HSPGs, co„,ri bu ,e t0 some ^ „ 

How- we mink „a, ^ is ^ because s ^ ^ ^ ^ ^ 

<« bo* CS and HS GAGs while Glypica. are atiached exclusive* to 

0 P « , t M ^ ^ ^ ""^ fratareS te tatah ' °" 
patten, of ,4 highly conserved cysteine residues, 2 to 3 Ser-Giy HS GAG attachment 

^uences near the C-terrninus, and a Cenninal seouence invoived in the formation of a 
GP.-nnkage to the membrane (Veugeiers and David, ,998), suggesting ^ ^ ^ 
different lundons iron, Syndecans. Fi„al,y, we find ma, in me embiyo Dsy^c m is 
highly express in me mesoderm and trachea suggesting ma, it may be involved in FGF 
signaling (unpublished results). 

^ Because most signaling mechanisms are evomtionay served, we expect ma, 
Glyp.«ns may also pray a role in mammahan Wnt signahng pamways. Consistent wi«h 
tins mode,, most vertebrate g.ypicans are expressed in issues, for exampie brain and 
bdney, where W„, family members are expressed. It has been demonstrated ma, HSPG is 
reomred for me maintenance of mouse Wn W y expression in the ureter tips of me 
deveiopmg kidney. Further, heatmen, of cuhured kidney rudiments with eimer chloiate or 
Hepannase m resulted in the reduction of W„, u expression, suggesting ma, HSPG is 
rcouned for autocrine signaling activity of w„, „. taerestingiy, mouse K-g,ypica„ is 
expressed m a v«y simiiar pattern ,„ Wn, „ in . deve.oping kidney (Waunabe e, a,., 
1995). Further, mutation in human Glvpi«n-3 are responsible for the Simpson-Golabi- 
Betae. Syndrome, a disease associated whh prenatal and posmatal overgrow* and a high 
mcde^ce of neuroblastomas and Wita's tumors (Pilia «, a.., ,096,. since many Wn,s are 
m for ce,, diction and grow* con*,, in brains and kidney, i, is possiMe ma, 
"us disease ls associated wim a defect in Wnt signaling. 

Possiblefimaional diversity oj Dally in dierent lissua. 

I. has been reported that Dally regulates „,e activ,* of deeapemaplegic (dpp, a 

memberofmeTGF-bsuper&milyfJacsonelal loon a^., •• - a , 

' 1 H m " ' vfl >- A reduction ni dpp levels enhance 
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.he defects associated with my mulations m ^ ^ ^ ^ 

add,,,o„a, cop.es of dpp rescues the defecs i„ these ,, SUK . However _ fa lhe J 

reduction m dpp activity has hepn t^^a * 

lvl ty been reported to rescue the incomplete wing vein V and 
notching defects associated with dally mutant, in «tA- t - 

y mu,ants - In addition, extra copies of dpo can 
> ^ ***** defec, SCTS( , C interacli0DS have „ ^ ' J " 

™; G :r "** r s is controi,ed by 101 ^ ^ 

Daily and Dpp reflects a role f„ r Dally i„ a, s igMling . ^ 

Plays a ^ role i„ Dpp ^ _ ^ ^ ^ ^ ^ 

^e es Ashmen, of D/v ^ ^ ^ effK(s ^ 

^ en^er through ^ ^ exprasion rf ^ * 

specie medication of .he HS GAG * Unked to the Dally protein core, ^ough 
*«-« cession ^ „ f « y tot we ^ ^ . _ m ^J> 
o d,,y « W g signaling ^ man ^ „ ^ ^ ^ ow 

DaUy pro te ,n —nb— . Finally, there „ . nu nber of „„„ ^ 
supporting to the model that specific HS GAG dec„ rat es the ceU suriac. m vertebrate . 
nu.be, of su.oWe.se have been shown „ be „ fa ^ 

tissues ( Kunato-s papers; Bedding. FmaIly , „. b 

WSTCHh 1° l >attei ™ n S In the embryo, encodes a HS 2-0 sulfotransfeiase (Sen^t al 
1998, tha, ,s expressed in ventra, follicle cHs. Future stirdies win be quired to clarify 
the taction of Dally in Dpp signaling. V 
The role of Dally in Wg signaling 

Previous genetic and biochemica, evidence have revealed that bintting of Wg to the 

by a modulation in the ,evel of cytoplasmic Arm. In this e*amp,e, we prL 
lenenc evrdence that the Glypicn p rot ei„ Da„ y is also m v„,ved in me activation of Dfe2 
Because Dally is an eItracelMar an ^ ^ ^ ^ ^ • 

dernonsti^ed to be located in iipid ra«s, which are microdomains in te plasma membrane 
nch m splnngolipids, cholest^o. and GPI-archored proteins [Simons, 1997 #23] we 
en raiM1 1„ 0 possible models for its role in Wg/DF* signating. The firs, one is a'«co- 



-83- 



10 



15 



20 



25 



30 



WO 99/50385 

PCT/US99/06892 

rector" model, whereby Dally works iogerher with Dfz2 ,o trap and s.abili 2 e Wg The 
second one is a "transport" model , whereby .Dally is involved ,n .he movement of Wg 

through field of cells. 

The co-receptor model for the role of Dally in Wg signaling is similar to the 
proposed role of HSPGs in other growth factor signaling pathways such as FGF. In this 
case, the bmdmg of growth factors to abundant but low affinity HS GAGs on the cell 
surface limits the free diffusion of the ligand from three to two dimensions, thereby 
mcreasmg its local concentration and the probability that it will interact with less abundant, 
high affinity signaling receptor (Schlessinger et al., 1995). According to this model we 
propose that the HS GAG chains of Dally trap secreted Wg. The nature of the GPI anchor 
may facilitate lateral movement of Wg/Dally complexes such that Wg molecules can 
encounter less abundant Dfz2 receptor molecules. Interaction of Dally/Wg with Dfz2 may 
further stabilize it or form an active ligand/receptor complex. Interestingly, dally and Dfil 
are expressed and regulated in a very similar manner. In the case of Dfe2 it has been 
suggested that the gradient of Dfz2 expression, which is at its highest in cells that receive 
little Wg, is important for shaping the Wg morphogen gradient. Our data with Dfz2 are 
consistent with Dally also playing a role in the stabilization of Wg protein at the cell 
surface because when Dally levels are reduced, Wg distribution stabilized by Dfz2 is also 
reduced. This model is also consistent with our observation that in either sgl and sfl mutant 
embryos, overexpression of Wg can compensate for the loss of HS GAG and rescue the 
embryonic cuticle segmentation defects (Haecker et al., 1997; data not shown). It is also 
evident that Wg protein is absent in the either sgl Haecker et al.,) and sfl mutant embryos at 
the tune En protein are still quite normal. Thus, according to the co-receptor model, a 
combmation of Dally and Dfz2 is needed to achieve optimal activation of the transducing 
Dfe2 receptor. Biochemical experiments that address whether Dfz2 and Dally physically 
associate should help test this model. 

The second model propose a role for Dally in Wg movement through field of cells 
rather than playing a direct role in activation of Dfz2. The mechanism underlying the 
movement of Wg/Wnt molecules through tissues is not understood, and it is not clear 
whether the gradients of activities that these proteins trigger are established through 
diffusion of the secreted factors in the extracellular space or through transport mechanisms 
that involve for example vesicle-like structures which are endocytosed and/or transposed 
There is evidence that Wnts can be secreted in the extracellular space as well as transported 
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through cells. Wm proteins are poorly secreted in the extracellular space and bind the 
extracellular matrix tightly [Bradley, 1990 #39][Gonzalez, 1991 #29][Reichsman 1996 
#38]. These features suggest that these proteins may not be able to freely diffuse and thus 
rase the questions of how many cells away they are able to act. Immunohistochemical 
analyses have detected Wg protein up to 25 cell diameters from the wing margin, which is 
the S1 te of Wg synthesis in this tissue [Cadigan, 1998 #31]. Thus, Wg proteins can be found 
far away from ^-expressing cells raising the issue of the mechanism underlying the 
movement of Wg through cells. Interestingly, electron microscopy studies detect little Wg 
protem free in the extracellular space and Wg is present in vesicle like structures 
[Gonzalez, ,991 #29]. The presence of Wg in vesicles is endocytosis dependent and is not 
detected in shibire mutants which are defective in endocytosis [Bejsovec, 1995 #26] This 
observation has led to the model that Wg protems are transported through cells in vesicle- 
like structures, a process referred to as transcytosis [Gonzalez, 1991 #29] Thus one 
possibility is that Dally plays a direct role in the movement/transcytosis of Wg through 
cells, pohapes through the GPI-ancored with is located lipid rafts [Simons, 1997 #23] 
According to this model, Wg proteins are transported from cells to cells following its 
association with the HSPG Dally. Our results however, do not allow us at this time to 
implicate Dally in Wg movement through field of cells. 

(e) Experimental Procedures 
Fly stocks 

sfl alleles: A single PflacZ. ry+] element insertion, 1(3)03844 (Spradling et al 
1995), located at 65C1-2 was identified in a screen for maternal effects of zygotic lethal 
mutations (Perrimon et al. 1996). We found that sft™™ fai i s to complement Df(3L)ZN47 
that deletes the 64C to 65C region of the third chromosome. This result is consistent with 
the location of a zygotic lethal mutation in the 65C1-2 region. Further, we mobilized the P- 
element insertion associated with tfW™ using the y „; D2-3, Sb/TMe strain (Robertson 
et al. 1988). Out of 60 excision lines analyzed, 9 were viable in trans with Df(3L)ZN47 
indicating that the P-element insertion at 65C is associated with zygotic lethality. These 
revertant hnes fully rescued the maternal effect segment polarity phenotypes associated 
with 1(3)03844. One additional sfl allele «0 was identified in a large EMS screen for 
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maternal effects of zygotic lethal mutations (N P t rw u 

K[S .f., l. Cunningham and C. Arnold 
unpublished data). Both stf® 03844 anri *tf** ch«„ • •, 

' J 31,(1 & show amilar maternal effect phenotypes. 

dally alleles: dally Pl dallv " 2 JnlhP' ss „ i_ 

V .aauy .dally are hypomorphic alleles and were a gift 
from S. Selleck ( Nakato et al. 1995). dally- i s a new hypomoiphlc alJeJe by 

S excon of the P-element associated with dally « (REF? who ma de this?,. In an attempt 
to generate stronger ,oss of fun Ction daIIy allele> we fc p ^ 

excs.ons, a number of new ^ allele, However, none were stronger than the original 
ones described by Nakato et al. (1995). 

Otker **: UAS-D62 and UAS-OPI-D62 lines were obtained fom R . Nusse 
• (Cadtgan e, a.., ,998). A stnong third chromosome UAS . Dfe2 ^ ^ ^ 

experiments. UAS-Dfz2N was obtained from R. CarAew (Zhang and Carthew, ,998) A 
*ong second chromosome UAS-Dfz2 N toe N33 was used for a!, the experiment. The 

UAS-arm act line S10 and the IIA^ htpp dn r 

n> • . , , m UAS-dTCF h„ e DN4 expressing a deletion from of Arm 

0>a, e, al.,997, or dTCF (van de Wetering « al., ,997) were obtained from M Peifer The 
0^4 Ones used were 69B-Gal4 (Brand and Perrimoo, ,993), P te . Ga ,4 (Johnson e, 
al.,1995). C96 Gal4 was identified from a collection ofPGawB insertions generated by K. 
Karser. V» is a ^ „ uU ^ ^ ^ ^ ^ 

described in Usui and Kimura (1992). 

Maternal effect phototype ofsfl and dally 

Females with germline clones were generated using the autosomal "FLP-DFS" 
technique (Chou and Perrimon, 1996). * FR T 2A /m3 , sb females wm ^ ^ ^ 
of me genotype y „ FLP 22,+, FRT 2A Pfom D lj/7Ml a ^ ^ ^ ^ 
heat shocked a, 3 7 oc for 2 hrs during the larV a, sfcges, and , w ra*2*. „ 
flmoDI] ^ canying s;7 „ 0 ,„ ^ ^ _ ^ 

Femates with germline clones of «j, were generated using a dally nfi* 
chromosome using the same procedure as for sfl. 

Generation of somatic wing clones. 

For the generation of adult somatic clones in the wing, y w AsFLP122; sft™ 38 " 
FRT2A/TM3, Sb were crossed with males of, w. P[y+] FRT^/TMS, Sb. Larvai from this 
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cross were heat-shock for 2 hours a, fot „ r second instar . ^ _ 
fcuparal for observation. 

Antibody staining and in situ hybridization 
* Fixation of ^bryos and antibody suining procedures were performed as described 

ffate. 1994) An,i-Wg serum was a gin of S. Cu.ber.edge and used a, ,:S00 dilution 
AnMn MAMD9 was used a, ,:300 dimtion and obtained Son, Developmental Studies 
Hybndoma Ban. (Patel e. al. 1989). Anti-DU serutn was obtained from ,. Duncan 
ff-uncan e, al., ,998) and used a. ,:50O. Antibody against the Cnunbs prot e m was i 
> I: 5»andobtained4omE.Knust(TepassandKnustl993). 

/» suu hybridizations of whole-mount embryos and imaginal discs were done with 

Pr ° be (Lehmaml "* Tautt 1 "» ^xigenin-labeled DNA probe was prepare* 
from a „ cDNA subcloned in the p*65 plasmid . ^ cDNA ^ ^ ^ 

Sdleck ( Natako et, al ,995). Dfz2 cDNA was obtained fro, R. NuS se (Bhano, e. * 

Molecular biology 

rescue in £. co// (Cooley et al 1988) . To isolate sfl cDNAs, w« screened a 0-4 hr 
embryonic cDNA library (Brown and Kafatos 1988) with random primed probes 
generated from genomic DNA fragments from plasmid rescue. One full-lengtt, 4.89 kb sfl 
CDNA was isolated. DNAs were sequenced by Taq-polymerase cycle sequencing and an 
automatic sequent To define the Piemen, genomic ima6m ^ ^ ^ 
from sfl fl.es were also sequenced using a primer derived from the P-element 

aL 1989). Probes used are as following: 2.5 kb Xho-EcoRI fragment oSsfl cDNA and sgl 

cDNA was used as a control (Haecker et al 1QQ7\ c~. 

ui ^naecKer et aj., 1997). Sequence alignment was produced 

using "DNA star" software. 

RNA injection rescue 

RNA injection rescue was done as described ( Heacker et al., 1997) The sfl 
mutatton was recombined with a u-achealess { trh) mutation (Witt: et al., ,996; Isaac and 
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Andrew ,996) located a, 6, C,-2. ,M mutants „ miswg ^ ^ ^ 
postenor sp.rac.es which are easily scorab,e by ,„o k i„g a, embryomc ^Ces. Females tha, 
carry ,rk sfl homozygous germline clones were generated and mated with sflM 
tr^eterozygous males, respectively. Haif of the embryos from Otis cross are * mutants 
and extant, strong segment polarity phenotypes, while the remaining half of the embryos 
whrch are complete* paternally rescued are easi,y identic by their defective posterior 
sptracles. Of 7CO injected embryos derived from fema.es with * sfl germline Cones, ,20 
* mutant embryos «rH developed scorable cuticle structures, and 15% of mem 

showed evidence of rescue. 



dsRNA-mediated genetic interference 

.998, ™ 771 T*' " d iniec,im were " describcd <*—<« - ^ 

«). Tta ** Ml lengU, cDNA e.oned in pBluescrip, was used as a ,emp,a,e used for 
RNA synthesis. Bom sense and antisense RNA of dally were synthesized nsing T7 and 
T3 polymerase by MEGAscript Id, from Ambion company. A mixture of equal amount of 
sense and antisense RNA were heated in boiling water for , minute and then aHowed to 
cool ,„ room temperaure ftr overnight. A concentration of ,ug/ul of iaUy dsRNA was 
utjected in the posterior domain extending from 50% to 75% egg lengm a, syncidal 
blastoderm stage. In a control experiment, the injection buffer was used 
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We Claim 
1. 



An assay for identifying . inhibitor of , proleoglycan . d 

activity ofanattacellularprotein, comprising ""nsaucuon 
(i) Providing a reaction mixture comprising 

(a) a giycosyWerase which, is essential to synthesis of a proteoglycan wi 
when seectively regu.a,es the signa, transduction aenvi* of ft 
extracellular protein, 

(b) a substrate for the glycosyltransferase, and 

(c) a test agent, 

If, m Wherein averts d,e subshate to a 

detectable product in the absence of the test agent; and 

00 detecting the conversion of the substrate to product, 
wherein a decrease in the rate of conversion of the substrate to pro duc. in the 
Presence of aetes, compound, retadve to its absence, indicates that J,« 
compound ts an mhibitor of the glycosyltransferase 

The method of claim !, wherein the extntclluiar protein is a grow* factor or cytokine 
The method of claim 2, wherein toe extracellular protein is hedgehog protein, eg a 

e - 8 " *"* {Dhh) - - ^ « - . 

4. The method of cUfa 2, wherein the extracellular protein is a Wn. protein eg a 
—an Wn, protem, e.,, Wn, -,, 2, 3a, 3b. , 4, 5a, 5b, 6, 7a, 7b, I Sb, 



2. 
3. 



5, 



Lr,T, , f " • *" * —W torn me group 

corcishng of an N-aee^aetosaminyWerase (GalNAc transferase) such * K 
24X40, EC 2.4.L92, EC 2.4.1.41; an N-aceWucnsarninyWerie 
transferase) such as EC 2.4.1,01, EC 2.4.U43, EC 2.4.U44! EC 2.4,,5 
aceWuec^rniny,.,^^ ^ , p ^ . N 

2.7.8.15; a Fucosyltransferase (Fuc transferase) such as EC 2.4.1.69, EC 2 4 1 65- a 

<Gal "* * EC 2 - 4115 '. K 2.4.1.90, EC 2.4 1 22 

EC 2.4.1.37, EC 2.4.1.45; a Glucosyltransferase (Gfc transferase) such as EC 2 4 ■ ,7 
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a glucuronyltransferase such as EC 2 4 i 1 7- * ka 

- - HC , 4 ,S3, EC * u * c ^^^ 

Ji;;^ such - EC — * - 

2.8,,), an arylamme JS^^°S . h " T ^ 

(EC 2 8 2 5") a I IDP m „ , , X a chondroitin 4-suIfotransferase 

(EC 2.8.2.5) a UDP-N-acetylgalactosamine-4-sulfate sulfotransferase (EC 2 8 2 7) 
desulfohepann sulfotransferase (EC 2 8 2 $r> , „ i ♦ , ^8-2.7), a 

28? in u erase (t,L 2.8.2.8), a galactosylceramide sulfotransferase (EC 

2.8.2.11), a hepantm sulfotransferase (EC 2 8 2 i?i o u ^ ■• <ul5rerase t tc 
(EC 2 8 2 1 71 t^i , „ , 2 - 8 - 2 -12), a chondroitin 6-sulfotransferase 

(HC 2.8.2.17), a tnglucosylalkylacylglycerol sulfotransferase rEr 2 8 2 i<n u 
sulfotransferase fFr ? s ? <> i \ , . , uuiransr erase (EC 2.8.2. 19), a keratan 

lotransierase (EC 2.8.2.21), an arylsulfate sulfotransferase (EC 2 8 2 221 ■ • 
glucosamine 3-O-sulfotransferase (EC 2 82 2* ^ J ^ ^ 
sulfotransferase (EC 2.8.2.24). ' desulfo ^inolate 

which selectively interact with Wnt proteins. gleans 

1 1 . The method of claim 1, including the further stem of fnrm,,i^ 

identified in nWc, • i. St ^ offomuto g° ne or more inhibitors 

identified ,n the assay in a pharmaceutical^ acceptable excipient 

l3 '*LZ T erein *" ^ * — t cell 

nucleic acid r — y — - 

14. A method of inhibiting the activity of a or^u * > 

15. A method of inhibiting the activity of a r . 

contacting a rrfi • ^ faCt0r 0r c y tokine comprising 
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.6. Th method of c,a im ,4 or ,5, where i„ , he inhjbitor is ^ ^ 
as a human or other mammal to treat a di^ ■ . • 

cytokine activity. ' mV ° ,Vlng ^ factor or 

17. Tta method of claim 14-16, wherein the inhib.tor ,s a small organic molecule. 
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SEQUENCE LISTING 

(1) GENERAL INFORMATION : 

(i) APPLICANT: 

(ii) TITLE OF INVENTION: 

(iii) NUMBER OF SEQUENCES : 6 

(iv) CORRESPONDENCE ADDRESS- 

(A) ADDRESSEE: Foley, Hoag & Eliot 

8 STREET: One Post Office Square 

(O CITY: Boston 

(D) STATE: MA 

(E) COUNTRY: USA 

(F) ZIP: 02109 

(V) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 
JB) COMPUTER : IBM PC compatible 
C OPERATING SYSTEM : PC-DOS/MS-DOS 
(D) SOFTWARE : Asc II (text) 

(vi) CURRENT APPLICATION DATA: 

(A) APPLICATION NUMBER: 

(B) FILING DATE: 30-MAR-1999 

(C) CLASSIFICATION: 

(viii) ATTORNEY/ AGENT INFORMATION* 

(A) NAME: Vincent, Matthew P 

(B) REGISTRATION NUMBER: 36 709 

(C) REFERENCE /DOCKET NUMBER: HMV-042.01 

(ix) TELECOMMUNICATION INFORMATION * 

(A) TELEPHONE: (617) 832-1000 

(B) TELEFAX: (617) 832-7000 

(2) INFORMATION FOR SEQ ID NO:l: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 3183 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : both 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDNA 

(ix) FEATURE: 

(A) NAME/ KEY: CDS 

(B) LOCATION: 652. .2889 
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(xi) SEQUENCE DESCRIPTION : SEQ ID HO: Is 

CCTCCAGGCC CCGCCGCGCG TCCCGGGGGC CGGCCCrr^r a,™ 

<-<*GCCCCGCG AGCGCAGGAG TAAACACCGC S Q 
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CGGAGTCTTG GAGCCGCTGC AGAAGGGAAT AAAGAGAGAT GCAGGGATTT GTGAGGTTAC 
GGCGCCCCAG CTGCAAGATG CACTAGCCGG CTGAACCCGG GATCGGCTGA CTTG™^ 
CCGGAGTGCT CTGCACGGAG AGTGGTGGAT GAGTTGAAGT TGCCTTCCCG GGGCTCATTT 
TCCACGCTGC CGAGAGGAAT CCGAGAGGCA AGGCAATCAC TTCGTCTTGC CATTGATTGG 
GTATCGGGAG CTTTTTTTTT CTCCCCTCTC TCTTTCTTTT CCTCCGTCTT GTTGCATGCA 
AGAAAATTAC AGTCCGCTGC TCGCCCGCCC TGGGTGCGAG ATATTCAGCC CCGCTCTCTC 
CCGTGCATTG TGCAACCCAA AGATGAAAGA CCGAAGGGGA GAAAGTTAAA GAAATCGCCC 
ACATGCGCTG GATCAGTCCA CGGCTTGGGG AAAGGCATCC AGAGAAGGTG GGAGCGGAGA 
GTTTGAAGTC TTTACAGGCG GGAAGATGGC GGACTGGAGC TGAAAGTGTT GATTGGGAAA 
CTTGGGTGAT TCTTGTGTTT ATTTACAATC CTCTTGACCC AGGCAGGACA C ATG CAG 



Met Gin 
1 



= 22222222S S -53:22 

= 2 2 2 2 2 s % 2 s 2 ™ - 2 s 2 

45 

2 2 2 2 2 2 2 S 2 2522 2 2 2 

60 65 
CCT TGG GAT CAA TTG GAA AAC GAG GAT TCC AGC GTC ra^ R ™ 
Pro Trp Asp Gin Leu Glu Asn Glu Asp £ £ £ His £ £ £ 

75 80 

2222222222S-S;-:-:- 

90 9S 

CGC ATG GAG TCC TGC TTC GAT TTC ACC CTT rrr **n . 

- 3 £ „. s„ cy, „p Pke « 2 ~ - - « JJC 

105 110 

£222222222222222 

. 120 "5 130 

G^ f C GCG GCC ATC GGC TCC AGG TTC TAG ACC TCG 

Tyr Gin Asn He Leu Ala Ala lie Glu Gly Ser Arg £ Tyr t"£ sS 

" 5 140 145 

GAC CCC AGC CAG GCG TGC CTC TTT GTC rrr tm „. 

MP ,„ s„ 01o AU «. 2 S 2 £ 2 £ ££ ™ 2 



120 

180 

240 

300 

360 

420 

480 

540 

600 

657 

705 

753 

801 



849 



897 



945 



993 



1041 



1089 
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150 155 160 

AGA GAC CAG TTG TCA CCT CAG TAT GTG CAC AAT TTG AGA TCC AAA GTG 1185 
Arg Asp Gin Leu Ser Pro Gin Tyr Val His Asn Leu Arg Ser Lys Val 
165 170 175 

CAG AGT CTC CAC TTG TGG AAC AAT GGT AGG AAT CAT TTA ATT TTT AAT 1233 
Gin Ser Leu His Leu Trp Asn Asn Gly Arg Asn His Leu lie Phe Asn 
180 185 190 

TTA TAT TCC GGC ACT TGG CCT GAC TAC ACC GAG GAC GTG GGG TTT GAC 1281 
Leu Tyr Ser Gly Thr Trp Pro Asp Tyr Thr Glu Asp Val Gly Phe Asp 
195 200 205 210 

ATC GGC CAG GCG ATG CTG GCC AAA GCC AGC ATC AGT ACT GAA AAC TTC 132 9 

lie Gly Gin Ala Met Leu Ala Lys Ala Ser lie Ser Thr Glu Asn Phe 
215 220 225 

CGA CCC AAC TTT GAT GTT TCT ATT CCC CTC TTT TCT AAG GAT CAT CCC 1377 
Arg Pro Asn Phe Asp Val Ser lie Pro Leu Phe Ser Lys Asp His Pro 
230 235 240 

AGG ACA GGA GGG GAG AGG GGG TTT TTG AAG TTC AAC ACC ATC CCT CCT 1425 
Arg Thr Gly Gly Glu Arg Gly Phe Leu Lys Phe Asn Thr lie Pro Pro 
245 250 255 

CTC AGG AAG TAC ATG CTG GTA TTC AAG GGG AAG AGG TAC CTG ACA GGG 1473 
Leu Arg Lys Tyr Met Leu Val Phe Lys Gly Lys Arg Tyr Leu Thr Gly 
260 265 270 

ATA GGA TCA GAC ACC AGG AAT GCC TTA TAT CAC GTC CAT AAC GGG GAG 1521 
lie Gly Ser Asp Thr Arg Asn Ala Leu Tyr His Val His Asn Gly Glu 
275 280 285 290 

GAC GTT GTG CTC CTC ACC ACC TGC AAG CAT GGC AAA GAC TGG CAA AAG 1569 
Asp Val Val Leu Leu Thr Thr Cys Lys His Gly Lys Asp Trp Gin Lys 
295 300 305 

CAC AAG GAT TCT CGC TGT GAC AGA GAC AAC ACC GAG TAT GAG AAG TAT 1617 
His Lys Asp Ser Arg Cys Asp Arg Asp Asn Thr Glu Tyr Glu Lys Tyr 
310 315 320 

GAT TAT CGG GAA ATG CTG CAC AAT GCC ACT TTC TGT CTG GTT CCT CGT 1665 
Asp Tyr Arg Glu Met Leu His Asn Ala Thr Phe Cys Leu Val Pro Arg 
325 330 335 

GGT CGC AGG CTT GGG TCC TTC AGA TTC CTG GAG GCT TTG CAG GCT GCC 1713 
Gly Arg Arg Leu Gly Ser Phe Arg Phe Leu Glu Ala Leu Gin Ala Ala 
340 345 350 

TGC GTC CCT GTG ATG CTC AGC AAT GGA TGG GAG TTG CCA TTC TCT GAA 1761 
Cys Val Pro Val Met Leu Ser Asn Gly Trp Glu Leu Pro Phe Ser Glu 
355 360 365 370 

GTG ATT AAT TGG AAC CAA GCT GCC GTC ATA GGC GAT GAG AGA TTG TTA 1809 
Val He Asn Trp Asn Gin Ala Ala Val He Gly Asp Glu Arg Leu Leu 
375 380 385 

TTA CAG ATT CCT TCT ACA ATC AGG TCT ATT CAT CAG GAT AAA ATC CTA 1857 
Leu Gin He Pro Ser Thr He Arg Ser He His Gin Asp Lys He Leu 
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390 395 400 



GCA CTT AGA CAG CAG ACA CAA TTC TTG TGG GAG GCT TAT TTT TCT TCA 
Ala Leu Arg Gin Gin Thr Gin Phe Leu Trp Glu Ala £r £S s« s2 

GTT GAG AAG ATT GTA TTA ACT ACA CTA GAG ATT ATT CAG GAC AGA ATA 
val Glu Lys lie Val Leu Thr Thr Leu Glu lie lie Gln Asp £g lie 
420 4 25 430 

TTC AAG CAC ATA TCA CGT AAC ACT TTA ATA TGG AAC AAA CAT CCT GGA 
Phe Lys Hxs lie Ser Arg Asn Ser Leu lie Trp Asn Lys His Si Gly 

440 445 i5 l 

GGA TTG TTC GTA CTA CCA CAG TAT TCA TCT TAT CTG GGA GAT TTT CCT 
Gly Leu Phe Val Leu Pro Gin Tyr Ser Ser Tyr Leu Gly £p S P« 
455 465 

TAC TAC TAT GCT AAT TTA GGT TTA AAG CCC CCC TCC AAA TTC ACT GCA 
Tyr Tyr Tyr Ala Asn Leu Gly Leu Lys Pro Pro Ser Lys p£ Thr a£ 

475 480 

GTC ATC CAT GCG GTG ACC CCC CTG GTC TCT CAG TCC CAG CCA GTG TTG 
Val lie His Ala Val Thr Pro Leu Val Ser Gin Ser £n pS vll ™ 

490 

AAG CTT CTC GTG GCT GCA GCC AAG TCC CAG TAC TOT GCC CAG ATC ATA 
Lys Leu Leu Val Ala Ala Ala Lys Ser Gin Tyr Cys Ala Gin lie lie 
500 505 510 

GTT CTA TGG AAT TGT GAC AAG CCC CTA CCA GCC AAA CAC CGC TGG CCT 
Val Leu Trp Asn Cys Asp Lys Pro Leu Pro Ala Lys His Arg TrJ J£ 

520 525 530 

GCC ACT GCT GTG CCT GTC GTC GTC ATT GAA GGA GAG AGC AAG GTT ATG 
Ala Thr Ala Val Pro Val Val Val lie Glu Gly Glu Ser Lys Val ™ 
535 540 545 

Ser sTr ££ IF ^ ?* ^ ^ MC ATC ACA «* GTG CTC 

Ser ser Arg Phe Leu Pro Tyr Asp Asn lie lie Thr Asp Ala Val Leu 

550 555 sea 

AGC CTT GAC GAG GAC ACG GTG CTT TCA ACA ACA GAG GTG GAT TTC GCC 
Ser Leu Asp Glu Asp Thr Val Leu Ser Thr Thr Glu Val Sp £e S 
565 570 S75 

TTC ACA GTG TGG CAG AGC TTC CCT GAG AGG ATT GTG GGG TAC CCC GCG 
Phe Thr val Trp Gin Ser Phe Pro Glu Arg. He Val Gly £r Pro S 

585 ' 590 

So ser 2s Z! f T f C TCT • aM COG TGG GGA TAC ACA TCA 
Arg ser His Phe Trp Asp Asn Ser Lys Glu Arg Trp Gly Tyr Thr Ser 
3 3 3 600 



605 



610 



AAG TGG ACG AAC GAC TAC TCC ATG GTG TTG ACA GGA GCT GCT ATT TAC 
Lys Trp Thr Asn Asp Tyr Ser Met Val Leu Thr Gly Ala Ala lie £r 



«15 620 



625 



CAC AAA TAT TAT CAC TAC CTA TAC TCC CAT TAC CTG CCA GCC AGC CTG 
His Lys Tyr Tyr His Tyr Leu Tyr Ser His Tyr Leu Pro Ala Ser Leu 



1905 



1953 



2001 



2049 



2097 



2145 



2193 



2241 



2289 



2337 



2385 



2433 



2481 



2529 



2577 
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"0 635 



640 



AAG AAC ATG GTG GAC CAA TTG GCC AAT TGT GAG GAC ATT CTC ATG Aflr 
Lys Asn Met val Asp Gin Leu Ala Asn Cys Glu ™ J£ £u ™ ™ 
645 650 655 

TTC CTG GTG TCT GCT GTG ACA AAA TTG CCT CCA ATC AAA GTC »rr nnn 
Phe Leu val Ser Ala Val Thr Lys Leu Pro S£ S ^ ™ £ £n 

665 670 

AAG AAG CAG TAT AAG GAG ACA ATG ATG GGA CAG ACT TCT CGG GCT TCC 
Lys Ly 8 Gin Tyr Lys Glu Thr Met Met Gly Gin Thr Ser Arg S Ser 

680 685 690 

CGT TGG GCT GAC CCT GAC CAC TTT GCC CAG CGA CAG AGC TGC ATG AAT 
Arg Trp Ala Asp Pro Asp His Phe Ala Gin Arg Gin Ser Cys Met ton 
695 7 °° 705 

ACG TTT GCC AGC TGG TTT GGC TAC ATG CCG CTG ATC CAC TCT CAG ATG 
Thr Phe Ala Ser Trp Phe Gly Tyr Met Pro Leu lie His Ser ™ 
710 7 " 720 



(2) INFORMATION FOR SEQ ID 110:2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 746 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:2: 



Met Gin Ala Lys Lys Arg Tyr Phe lie Leu Leu Ser Ala Qly Ser Cys 
5 10 15 

Leu Ala Leu Leu Phe Tyr Phe Gly oiy* Leu Gin Phe Arg Ala Ser Arg 
20 25 3 0 

Ser His Ser Arg Arg Glu Glu His Ser Gly Arg Asn Gly Leu His His 

35 40 a c 



2625 



2673 



2721 



2769 



2817 



2865 



AGG CTC GAC CCC GTC CTC TTT AAA GAC CAG GTC TCT ATT TTG AGG AAG 
Arg Leu Asp Pro Val Leu Phe Lys Asp Gin Val Ser He Leu £g J£ 

730 735 * 1 

Z £J Z S X S 2 *"* ™™ — - »»• 

740 745 
GCAAGAAGGG ATGGGGGTCA AGCTGCTCTC TCTTCCCAGT GCAGATCCAC TCATCAGCAG 
AGCCAGATTG TGCCAACTAT CCAAAAACTT AGATGAGCAG AATGACAAAA AAAAAAAAGG 
CCAATGAGAA CTCAACTCCT GGCTCCTGGG ACTGCACCAG ACTGCTCCAA ACTCACCTCA 
CTGGCTTCTG TGTCCCAAGA CTAGGTTGGT ACAGTTTAAT TATGGAACAT TAAATAATTA 
TTTTTGAAAA AAAAAAAAAA AAAA 



2979 
3039 
3099 
31S9 
3183 
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Pro Ser Pro Asp His Phe Trp Pro Arg 



50 



55 



Phe Pro Glu Pro Leu Arg Pro 



60 



Phe val Pro Trp Asp G1 Leu 01u Asn Qlu v ^ 

/b 80 

ser Pro Arg aln ^ ^ Aap Ala „, s „ ^ ^ ^ ^ ^ ^ 

cy s Ar g „et, 0lu ser c Pbe Ke ^ ^ ^ ^ ^ 

105 110 

«r ». g. « T^r V,! Tyr Pro «, «„ , y3 ely „„ Ly5 Ile 

i2 ° 125 

Olu S „ Tyr «» as » lle , Ma Ala ne alu ay ^ ^ 

" s 140 
Thr ser A sp Pro Ser Gin Ala Cys Leu Phe Val Leu Ser Leu Asp Thr 

155 160 

Leu Asp Arg Asp Gin Leu Ser Pro Gin Tvr Val Wn ' Q a T 

165 w X Y T Va * His Asn Leu Arg Ser 



170 



Lys Val Gin Ser Leu His Leu Trp Asn Asn oiy Arg Asn His 



185 



175 



Leu He 



190 



Phe Asn Leu. Tyr Ser Gly Thr Trp Pro Asp Tyr Thr 



200 



Glu Asp Val Gly 



205 



Phe Asp xi e Gly Gla Ala Leu Ala Lys Ma ne ^ ^ 

215 220 
Asn Phe Arg Pro Asn Phe Asp Val ser lie Pro Leu Phe Ser Lys Asp 

His Pro Arg Thr Gly Gly Glu Arg Gly P he Leu Lys Phe Asn Thr He 

Pro Pro Leu Arg Lys Tyr Met Leu Val P he Lys Gly Lys Arg Tyr Leu 

265 270 
Thr Gly xie Gly Ser Asp Thr Arg Asn Ala Leu Tyr His Val His Asn 

280 285 

Gly Glu Asp Val Val Leu Leu Thr Thr Cvs Lvs ni* pi, t 

290 2 pc y ys Hls G1 y L Y Q Asp Trp 



300 



Gin Lys His Lys Asp Ser Arg Cys Asp Arg Asp 



310 



315 



Asn Thr Glu Tyr Glu 
320 



Tyr Asp Tyr Arg Glu Met Leu His Asn Ala Thr Phe Cys Leu Val 

J30 335 
Pro Arg Gly Arg Arg Leu Gly Ser Phe Arg Phe Leu Glu Ala Leu Gin 

345 350 
Ala Ala cys Val Pro Val Met Leu Ser Asn Gly Trp Glu Leu Pro Phe 



360 



365 
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Ser Glu val lie Asn Xrp Asn oin Ala Ala val Ile Gly Asp oiu Arg 

J ' 5 380 
Leu Leu Leu Gin He Pro Ser Thr lle Arg Ser „, His Qla Agp Lys 

395 400 
lie Leu Ala Leu Arg Gin Gin Thr Gin Phe Leu Trp Glu Ala Tyr Phe 

405 410 415 

Ser Ser val Glu Ly S n e val Leu Thr Thr Leu Glu lie lie Gin Asp 

425 430 
Arg lie Phe Lys His He Ser Arg Asn Ser Leu lie Trp Asn LyB Hie 

440 445 

Pro Gly Gly Leu Phe Val Leu Pro Gin Tyr Ser Ser Tyr Leu Gly Asp 

455 460 

Phe Pro Tyr Tyr Tyr Ala Asn Leu Gly Leu Lys Pro Pro Ser Lys Phe 



475 



480 



Thr Ala val He His Ala Val Thr Pro Leu Val Ser 



485 



490 



Gin Ser Gin Pro 
495 



val Leu Lys Leu Leu Val Ala Ala Ala Lys Ser Gin Tyr Cys Ala Gin 

505 510 
He lie Val Leu Trp Asn Cys Asp Lys Pro Leu Pro Ala Lys His Arg 

520 525 
Trp Pro Ala Thr Ala Val Pro Val val Val He Glu Gly Glu Ser Ly{| 

535 540 
val Met ser Ser Arg Phe Leu Pro Tyr Asp Asn He He Thr Asp Ala 

550 "a 560 

Val Leu Ser Leu Asp Glu Asp Thr Val Leu Ser Thr Thr Glu Val Asx> 

565 "° 575 

Phe Ala Phe Thr Val Trp Gin Ser Phe Pro Glu Arg lie Val Gly. Tyr 



590 



Pro Ala Arg Ser His Phe Trp Asp Asn Ser Lys Glu Arg Trp Gly Tyr 



605 



^ Hi LyS TrP Am *?P S « »t Val Leu Thr Gly Ala Ala 



615 



620 



lie Tyr His Lys Tyr Tyr His Tyr Leu Tyr Ser His Tyr Leu Pro Ala 

630 63S 

Ser Leu Lys Asn Met Val Asp Gin Leu Ala Asn Cys Glu Asp lie 

645 



650 



640 
Leu 



655 



Met Asn Phe Leu Val Ser Ala Val Thr Lys Leu Pro Pro lie Lys 

660 ~ — * 



665 



Val 



670 



Thr Gin Lys Lys Gin Tyr Lys Glu Thr Met Met Gly Gin Thr Ser Arg 

b/5 can * 



680 



685 
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«. £ irg Trp „. „ p p„ i5p His phe 01n ^ ^ r 

^ 700 
Met Asn Thr Phe Ala s*»r Tm D u ft ^ 

705 TrP Phe G1 * ^ r Pro Leu He His Ser 



715 



720 



Gin Met Arg L eu Asp Pro val ,eu Phe Lys Asp Gin Val Ser He Leu 

730 ?35 
Arg Lys Lys Tyr Arg Asp He Glu Arg Leu 



740 745 



(2) INFORMATION FOR SEQ ID NO : 3 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 3175 base pairs 

(B) TYPE: nucleic acid 
<C) STRANDEDNESS : both 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDNA 



(ix) FEATURE: 

(A) NAME/ KEY: CDS 

(B) LOCATION: 335 . 2488 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 3 : 
CTGTCTGAGC ATTTCACTGC GGAGCCTGAG CGCGCCTGCC TGGGAAAACA CTGCAGCGGT 
GCTCGGACTC CTCCTGTCCA GCAGGAGGCG CGGCCCGGCA GCTCCCGCAT GCGCAGTGCG 
CTCGGTGTCA GACGGCCCGG ATCCCGGTTA CCGGCCCCTC GCTCGCTGCT CGCCAGCCCA 
GACTCGGCCC TGGCAGTGGC GGCTGGCGAT TCGGACCGAT CCGACCTGGG CGGAGGTGGC 
CCGCGCCCCG CGGCATGAGC CGGTGACCAA GCTCGGGGCC GAGCGGGAGG CAGCCGTGGC 
CGAGGAGTGT GAGGAAGAGG CTGTCTGTGT CATT ATG TGT GCG TCG GTC AAG 

Met Cys Ala Ser Val Lys 



1 S 



=======222222^22 

= 2 5 2222 5 2 2 2 2 i 2 2 2 



45 50 



=========2525225 

65 70 



60 
120 
180 
240 
300 
352 

400 

448 
496 
544 
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CTG CCA GCC GAC AGT CCC ATr rrn Pnr 

r rx ATC CCA GAG CGG GGG GAT CTC arr Trr no* 

Leu Pro Ala Asp ser Pro He Pro Glu Arg 01y Asp £J Ser Cys Arg 



80 85 



S £ s 5 £ = s - « - - « ~ - « 



95 100 



Jyt X £s vll S £ 5* ?° ^ ^ TAC GTG GAC TTT 
y Lys val Tyr He Tyr Ala Leu Lys Lys Tyr Val Asp Asp Phe 

110 115 

% S E S E E E 2 - 2S - - - - = - 
S S 5 S % E 5 £ - « - « s - « 



145 



150 



£=£S£S£EEEEEEE=E 

155 160 165 

ATC AAG GAG ACA GCA CAA GCG ATG GCC CAG CTC TCT AGG TGG «t nn* 
lie Lys Glu jj Ala Gin Ala Met Ala Gin Leu £ Arg Trp Asp Arg 

175 180 

GOT ACQ AAT CAC CTG TTG TTC AAC ATG TTG CCT GGA GGT CCC CCA tat 
Gly Thr Asn His Leu Leu Phe Asn Met Leu Pro Ty Xy Pro £ Sp 

190 195 

E E S S 5 S 5 E 5 LI £ = - E £ 

205 



210 



£5=£££££5£££5£££ 

225 

235 2 « 245 

pS ^3 ^ TAC CTC ,CTO TCA TCT CAG GTG GGT CTC CAT 

Pro Gly Pro Arg Gin Tyr Phe Leu Leu Ser Ser Gin Val Sy S £s 

250 255 260 

CCT GAG TAC AGA GAG GAC CTA GAA GCC CTC CAG GTC AAA CAT GGA GAG 
Pro Glu Tyr Arg Glu Asp Leu Glu Ala Leu Gin Va^ l£ SI ™ £u 

270 275 

TCA GTG TTA GTA CTC GAT AAA TGC ACC AAC CTC TCA GAG GGT GTC CTT 
Ser val Leu Val Leu Asp Lys Cys Thr Asn Leu Ser £u J£ L^ 

285 290 

TCT GTC CGT AAG CGC TGC CAC AAG CAC CAG GTC TTC GAT TAC CCA CAG 
Ser val Arg Lys Arg Cys His Lys His Gin Val Phe £p £r 



592 



640 



688 



736 



784 



832 



880 



928 



976 



1024 



1072 



1120 



1168 



1216 



1264 
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GTG CTA CAG GAG GCT ACT TTC TPT n>vr 

~ u. «. ». s rat ™ « - « « s m. 

S 2 S S 2 S « ™ £ £ US ~ r « « ■» 

330 7« 7 ° yS Val Pro Val 

335 340 

GTC ATT GCA GAC TCC TAT ATT TTr nnv> ™^ 

vax a. jj. Mp ser ^ » S £ ™ E - £ 2 «. » 

K2ss:s » si ^ r «• ~ °" - 

360 Pr ° Glu Glu "et ser Asp Val Tyr 

- ,6S 370 

AGT ATT TTG CAG AGC ATC CCC CAA AGA ran a™ „«. 
J- n. «. s „ „. Pto £ ^ « « « -J » «. j. 

385 390 

S S 5 3 = 5 S SS 2 S 5 S £ - 2 

405 

"° 435 
AGC GTG AGC AAT CCA CTC TTC rrrr rnn ~™ » 

ser Val Ser Asn Pre S Pro S i£ pS ^ ™ TCT °* 

440 AAC ljeu Ile Pr ° Pro Gin Ser Gin 

MS 450 

GGG TTC ACC GCC ATA GTC CTC ACC TAC run nn* _ 

«J ». -r Ma n. Val Leu s ~ ~ 2; s s s s 

465 470 

5~S5 = = S = 5 = 2 = -: = = 

495 • 500 
CCC AAA ATC CGG GTT CCA TTA AAA GTT r-vn ,™ 

n. «e ^ M , to ^ £ « « « £ S ™ « 

510 515 
TTA AGT AAC CGT TTC TTC CCT TAT GAT raa — „ 

Leu Ser Asn Arg Phe Phe Pro 2n ^ ^ GAA GCT GTT 

520 „° As P Glu Glu Thr Glu Ala Val 

' 530 

CTG GCC ATT GAT GAT GAT ATC ATT ATC r*n »r.o 

J- Ma n, „ „ ^ Ile « - ™ £ TCX ^ « „ « 1984 



1360 



1408 



1456 



1504 



1552 



1600 



1648 



1744 



1792 



1840 



1888 



1936 



545 550 
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TTT GGT TAT GAG GTC TGG CGG GAA TTT CCT rsn nr. 

Phe Gly Tyr Glu Val Trp Arg Glu pII fZ> ^ GTG GGT TAC 

p g uiu Phe Pro Asp Arg Leu Val Gly Tyr 

565 

CCG GGT CGT CTG CAT err Tr*n r**~ 

Pro Gly Arg Leu 2s £u S Sp 2s S° *** TGG ^ TAT 

Trp Asp His Glu Met Asn Lys Trp L ys Tyr 

S/5 580 

GAG TCT GAG TGG ACG AAT GAA GTG TCC att 

Glu ser Glu Trp Thr Asn Glu vll ser S S ? f TC ACT 60(5 GCA GCT 
585 „J Ser Met Val L eu Thr Gly Ala Ala 

595 

TTT TAT CAC AAG TAT TTT AAT TAC PTP -ran, »„„ 

Phe Tyr His Lys Tyr Phe £n Leu" £r Jhr E° ?** ATG CCT «» 
600 snc; y 4,611 ^ Thr Lys Met Pro Gly 

vs 610 

GAT ATC AAG AAC TGG GTA GAT GCT CAT ATP a an irm 

Asp lie Lys Asn Trp Val Asp aS His f ^ GAT ATT GCC 

615 P 620 Sp Ala Hls Met Asn cys Glu Asp He Ala 

625 630 

ATG AAC TTC CTG GTG GCC AAr r-rn nnn 

»=t aso Leu va ? s «» £ s £ s jt r 8ia 

635 ys Ala Val !le Lys val 

640 645 
ACC CCA CGA AAG AAA TTC AAG TGT CCT rap «„. 

-o ^ jj. Ly8 Pte Lys » s-S £ S S S 5 s ^ 

655 660 
670 675 

E ST S 2 ?L C S 0 ^ £ « « « «.«««« 

680 Thr Met Pro Leu Lys Val Val Glu His 

585 690 

S = S = !5 = SS 5 «2-~ = - : 

705 710 

S S £ £ S £ £ S '""—» MI <™«° 

715 

TGAGGCTGGG ACAGAGGGAG CTCCCAGCAC TCTGATGTCA GAGTAGTAGG 

TTAAGGGTGG AAGGTTGACC TACTTGGATC TTGGCATGCA CCCACCTAAC can™*: 
™C»A=»»GA ACCIAGAATG AATATCCAAG CACCTCGAGC TAKCAACCT CTGTTCTTCT 
AT1TCTTATG ATCTCTG.™ GGTTCTTCTC GAAAATGCCA AGTGGAAGAC TTTQTGQCAT 
GCTCCASATT TAA&TCCAGC TGAGGCTCCC TTTGTTTTCA GTTCCATGTA ACAATCTGGA 
*=0AAACTTC ACGGACAGGA AGACTGCTGG AGAAGAGAAG CGTGTTAGCC CAT^^GGT 
"GGOGAATC ATCTAAAGGG TACCCAGACC TCACXTTTAG TTATTTACAT CAATGAGTTC 
"TO^GGAA CCAAACCCAG AATTCGGTCC AAAAGCCAAA CATCTTGGTG GGAT7TGATA 



2032 

2080 

2128 

2176 

2224 

2272 

2320 

2366 

2416 

2464 

2518 

2578 . 

2638 

2698 

2758 

2818 

2878 

2938 

2998 
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AATGCCTTGG CACCTCGAOT GCTCGCCTTG ^ ^ 

CSATCC^TC AGTTCCATGA GCTATTCCTC TTTGGTTTGG cm™™ TGATTAAAAT IlM 
TATTTTTTAT TCCTTTAAA AAAAAAAAAA AAAAAAAAAA TTCGTCGTCC TTAAACA 
(2) INFORMATION FOR SEQ ID NO:4: 

(i) SEQUENCE CHARACTERISTICS • 

(A) LENGTH: 718 amino acids 

(B) TYPE : amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO:4: 

Met Cys Ala Ser Val Lys Tyr Asn lie Arg Gly Pro Ala Leu ^ pro 

10 IS 

Arg Met Lys Thr Lys His Arg He Tvr Tm- tt- ^ 

2o g lie Tyr Tyr He Thr Leu Phe Ser He 

25 30 

Val Leu Leu Gly Leu He Ala Thr Gly Met Phe Gin ^ * 

35 dn y c * ne Gln pfa e Trp Pro His 

w 45 

s.r u. «« • S .r A.. Aap Trp _ val olu Lys ^ s „ ^ 

" 60 
Aap vax Pro VaX V,! Arg pro Ala Aap s.r Pro a. Pro „. Ar 9 

75 80 

«y A.p L.u ser evs Ar g Met HI. Thr cjj Ph. Aap Va! Tyr Aro cy. 

Gly P^e A.h Pro ly . A... ly . n. jj. v,l Tyr He Tyr Al. L Ly . 

105 110 

-V. Tyr val A.p Aep Ph. Gly Val s.r val s.r A.„ Thr II. s.r Ar g 

"° 125 

Glu Tyr Asn Glu Leu Leu Met Ala II* R « o 

130 la IlG Ser As P Se * Asp Tyr Tyr Thr 

A " 140 

145 Ar9 SI ^ Val Pr ° S « «• ASP val Leu 

155 160 
Asn Gin Asn Thr Leu Arg lie Lys Glu Thr Ala Gin Ala Met Ala Gin" 

170 1?5 

>eu ser Arg Trp Asp Arg Gly Thr Asn His Leu Leu Phe Asn Met Leu 

185 190 
Pro Gly Gly Pro Pro Asp TVr Asn Thr ai a T 

195 P ^ Jnn L6U ASp Val Pro ^9 Asp 

205 

Arg Ala Leu Leu Ala Gly Gly Gly Phe Ser Th. m ml _ 

210 7 Ser rar Tr P Thr Tyr Arg Gin 

4215 220 
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Gly Tyr Asp Val Ser He Pro Val Tyr Ser t„ 

225 ° val ^ Ser Pr ° Leu ser Ala Glu Val 

235 

A S p I»u Pro Ly8 Gly Pro 01y pro ^ ^ ^ ™ 

250 2S5 

Ser Gin Val Gly Leu His Pro Glu Tyr Arc m„ a*. r „ 

260 9 Glu As P Leu G1 u Ala Leu 

265 270 

Gin Val Lys His Gly Glu Ser Val Leu Val t«,„ * 

275 ,„„ Val Leu As P L V S Cys Thr Asn 

280 285 

toa Ser olu oly Val , eu st Val _ ly „ ^ ^ ^ 

2 * 5 300 

Val Pne Asp Tyr Pro Gin Val Leu Gin Glu Ala Tnr Pne Cys val val 

315 

- «g 0 l y Ma ^ teu aly sl „ „, ^ ^ ^ ^ ^ 

«. oiy c, « Pro Val val Ile ^ ser ^ ^ ^ 2 ^ 

** 45 350 
Ser «, val latt „ Irp Lys Mi val ^ 

360 365 
>*. »»t S.r Asp v.! Tyr s„ He u. Gla Ser „ e pro ^ 

375 380 
IU Clu «„ „« «. 01a ^ ^ ^ ^ ^ ^ ^ 

395 400 
Gin Ser II. Ly. „. a . „, „ lla ^ ^ ^ ^ ^ ^ ^ 

^ 11= Tyr pro Tyr M a ala n . .« Ty t 01u 01u Irp _ " ^ 

425 430 

Pro Ala Vai Lys Trp Gly Ser Val Ser Asn Pro Leu Pne Leu Pro Leu 

440 445 

He Pro Pro Gin Ser Gin Gly Phe Thr ai* ti „ , 

450 a Ile Val heu Thr Asp 

460 

Arg val Glu Ser Leu Phe Arg val He Thr Gin v,i c T 

465 47Q 3 Ae Anr Glu v al Ser Lye Val Pro 

475 480 
Ser Le« set Ly. Le„ Leu val Val Trp J» Gln to Lys i5 „ ^ 

>ro 01» «p s« Leu Trp Pro.Ly, ,j. ^ „ ptQ teu ■ 2 
*r 9 Tar «. „i» ua lys Leu is „ Mg phe ^ pt<) ^ 

520 525 
Xle Glu Thr Glu Ala Val Leu Ala xie Asp Asp Asp He He Met Leu 

535 540 
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Thr Ser Asp Glu Leu Gin Phe Gly Tyr Glu vai * 
545 cca 7 T Giu Val Tr P Arg Glu Phe Pro 

555 

*sp »r 3 Mn v.x „, ^ pro 01y ^ ^ als ^ ^ ™ 

Met A„ ,ys ^ Ly3 ^ alu s „ ^ ^ 21 

585 590 

Val Leu Thr Gly Ala Ala Phe Tyr His Lys Tvr Ph. *o ^ 

595 C L 7 Tyr Phe Asn Leu Tyr 

b0 ° 605 

»r T£ , ys „ et Pro 01y „ ys ^ ^ 

615 620 

cy» oi. u, Ma „« „„ Pta leu v „ „, ^ vai ^ 

Lys Ma v,! a. jj. val Ttr pro „, Ly . lys pie ^ ^ ^ 2 

650 ess 
«. T*r „, „. » sp „ y Le „ set Aep „ Ihr Ms ^ ^ 

Arg ser Glu Cys xie Asn Lys pj. Ala Ser Val pfle ^ ^ ^ 

680 - 685 

Leu Lys Val Val Glu His Arg Ala Asd Pro v a1 T ™. 

690 69 f P Pro Val L «u Tyr Lys Asp Asp 

Phe Pro Glu Lya Leu Lys Ser Phe Pro Asn lie Gly Ser Leu 

(2) INFORMATION FOR SEQ ID NO : 5 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 3642 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : both 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDNA 

(ix) FEATURE: 

(A) NAME/ KEY: CDS 

(B) LOCATION: 263.. 2542 

<xi) SEQUENCE DESCRIPTION: SEQ ID NO:5: 

AAATAAAACA AAATAACCAA AATCGAAAAT GCGCGACAAC TAGTGTAAAT TCGTGTTGTT SO 

ATTGTTGTTG TCGGAACCCC CGCCTCACTC TCXCICXCTC TGCCGCACAC ACACCATCAC 120 

ACACACGCAC GCACGCTCTC CCACATACAC AAACACACGC ACACCCATAC AGCATCCCCG 180 

GAAAATAAAT AAAAGTAAAT AATAATAATA TAAATCAAAA TTATTGCGGA TCTTAAGGCT 240 
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TTGGATACAC TAAAACCACA AA ATG CAG GCC AAA AAG CGT TAT ATT TTG GTC 

Met Gin Ala Ly S Lys Arg Tyr lie Leu til 



5 10 



TTC GTT TCC TGC GCT TTT TTG GCr Tar pp- m 

- v al Se r cv, « is ™ « £ S £ 2 T y % Z £ 



20 25 



CTG AAA GTC TCA CCA TTG AGA CCC cct in, „„„ „,„ 

«. * 3 *j Leu 5 2 2 5 « £ 2 2 2 s 

35 40 
AAG GAT GGT GGA GTT CAA rrr rar mn o*« 

«, «, ~ 2 2 2 2 s s « « « s « 

50 55 
GCC CAC GAT ATG CAG GAA CTC CAA CTG rrr nan 

* ». « «. ». r 2 2222 2 2 2 2 

65 70 



AGT TTG GAT AGC TCC AAG CAC CTG GTT ACC Pr-r ^ 

s~ ^ MP se, s« Hi. Leu £ £ S 2 2 22 2 

85 90 



105 



115 120 



£ 2 2 2 2 2 2 2 2 2 S 5 2 0 2 2 2 



130 135 



2 2 s =;ss 2 S 5 2 2 2 2 - - 



150 



2 2 2 2 £ 2 2 2 S - - - 5 - - - 



165 



170 



2222222222222222 

A/5 180 



185 



195 200 



= 2 2 £ 2 S - - - - = - - - - 

210 215 



5S22222222222222 ■ - 

225 230 



292 



340 



388 



436 



484 



532 



ATG GAG ACC TGT TTC GAT TTT ACC CGC TGT TAT GAT rrr ™ _ 

»et cx» * cy, P£ *p «-»-M,2222222 

95 100 



TAT ATC TAT CCA CCG GAA CCA CTT AAC TP* nvn — 

* .u ^ s Pro 01 „ Pto 222222 2 2 2 " ! 



676 



724 



772 



820 



2222222222252222 " 



916 
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His HI 21 P° G T CTG GCC 000 GCC ACA «» *CC GTG CAG TCC 

His Lys G m Phe Pro Leu Arg Ala ciy Ala Thr Gly Thr Va? £n Ser 

240 245 



250 



22 2 2 2 2 2 IS £ - s - S 2 £ 5 5 



260 26S 



3 2 2 2 5 5 S 2 2 2 5 2 5 « s - 



275 280 



TTG CAC AAC GGA CGCGAC ATG GTC CTG GTC ACC ACC TGT err r*r n^n 
-x. Asn Gly Arg Asp Met Val Leu val Thr £ £ Sg Ss Sy 



295 



AAA AGT TGG CGG GAG CTG CAG GAT AAT CGC Trr ran ™„ 

lv» «, ^ 01 » « S a » p Z 2 £ 2j ~ % £ « 

305 310 



340 345 



S 2 a 2 5 £ 5 5 2 2 2 5 - S - - 

50 355 360 

TTG CCG TTT GAA TCG AAA ATC GAT TGG AAG CAG GCC GCC ATT TGG Grr 
I.eu Pro Phe Glu Ser Lys lie Asp Trp Lys Gin a2 Ala S ™ S 

GAT GAG CGG CTC CTG CTG CAG GTA CCC GAC ATC GTG CGC TCC ATA CCG 
Asp Glu Arg Leu Leu Leu Gin Val Pro Asp lie Val Arg sS S Pro 

385 390 

GCG GAA CGC ATC TTC GCC CTC CGC CAG CAG ACG CAG GTC CTG TGG GAA 
Ala Glu Arg He Phe Ala Leu Arg Gin Gin Thr Gin vll Leu Trp Glu 

405 410 

Arg Tyr Phe GTy Ser S S° T GTC ACA *" «« ATC 

Arg Tyr Phe Gly Ser He Glu Lys He Val Phe Thr Thr Phe Glu He 

415 "0 425 

ATA CGC GAA CGT TTG CCG GAT TAT CCG GTG CGA AGC AGC CTG GTT TGG 
He Arg Glu Arg Leu Pro Asp Tyr Pro Val Arg Ser Ser Leu Val Trp 

435 440 

AAC AGC TCG CCG GGC GCC CTG CTC ACG TTG CCC ACC TTT rrr rnn 
Asn Ser Ser Pro Gly Ala Leu Leu Thr 2 £ £ « Z Ser 

3 450 



455 



s2 £r 2 S S* r CTG ^ TC ° ATG ^ GCG ^ CCG CGT 

Ser Arg Tyr Met Pro Phe Leu Leu Asn Ser Met Gly Ala Glu Pro Arg 

465 470 



1012 



1060 



1106 



1156 



1204 



GAA TAC GAC AGA TAC GAC TAG GAG ACC TTA CTC ran an** ™~ 

Glu Tyr Asp Arg Tyr Asp Tyr Glu ^ Leu S Gin ^ Se" £ £ »" 

320 32 5 330 

TGC TTG GTG CCG CGC GGA CGT CGT TTG GGT TCC TTT AGA TTC CTC raa 
Cys Leu Val Pro Arg Gly Arg Arg Leu. Gly Ser p£ £g pie Le'u Glu 



1300 



1348 



1396 



1444 



1492 



1540 



1588 



1636 



1684 



-16- 



1780 



1828 
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CAC AAC TAC ACG GCG GTT ATC tat ptp n*„ 

s . >.» ^ fc M , „ n < « s 2 s £ S 2 2 2 »" 

485 490 

CCG AAT GCA GCG CTC TAC AAG CTA GTC AGP ^ ^ 

Pro Asn Ala Ala Leu Tyr Lys £u £g J£ J£ ™ f C «° 

495 cnn Lys Ser Gln 

0 505 

TTC GTG GAG CGG ATC PTT r>rn m« 

Phe Val Glu Arg ne £u SS £ ™ £ S T f° CCG CTG CCG 
510 I?* Ala Ala A8 P A ^g Pro Leu Pro 

" 520 
TTG AAG AAA CGC TGG CCC CCC ACC AGC C*r n-™ „ 

Leu Ly 8 L y S Arg Trp Pro pr ^ J£ f l «C ATA CCC TTG CAC GTG ATT 
525 Ser His Ile Pr ° Leu His val He 

= 5 5 Z 2 2 2 S2 5 S 5 5 2 - - 

D " 550 
ACG ACT GAG GGA CGA CCT AGC ATA Tra n»* ^ 

-J * 01y itg ^ ser » » « -C £T 

565 570 

2252252222222522 - 

595 600 

610 615 
AAG AAT GCC TGG GGT TAT ACG rrr bhp -v,„ 

«. j- „ o ly ^ S = 3 3 £ 2 £ Tyr = 5 

625 630 
GTG CTA ACT GGG GCG GCA TTC TAC par r ™ ™„ 

Val Leu Thr Gly Ala Ala Phe Tvr Sf? J ° I AC TAC ^ TAC ™ TAC 
635 7 JJ* Phe ^ Hls ^9 Tyr Asn Tyr Leu Tyr 

645 6S0 

655 1 Gln Gln Se * Ser 

660 665 

5 5 = 2 2 2 2 2 2 2 2 2 2 2 2 - 

670 aA Ser His Vfl l Thr Arg 

675 680 

2 2 p c ™ 2 2 2 2 SSST"" 1 — " 

685 2? ^ Lys G1 y Gln Gly Ser Gly 

690 695 

5522252525222252 

/0b 710 



2116 



2164 



2212 



2260 



2308 



2356 
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AGC TGC CTG AAT ACC TTT GCG GCC GTG TTT GGC TAT ^ 

cys Leu * sn rar P ,e *u S1 , val SI £ S S £ " M 

725 



740 745 



AAT TTG CGC AAG AAA TAG CGC CAG ATC GAG TTG GTC GGC app 
Asn Leu Axg Lys Lys Tyr Arg 01a „. Glu ™ £J ™ £« 



755 760 



TAGCGATATG TGCATCCTGG CAATAGCTAC AAGCGTTAAT AGTACTGAAT ACATCTACAC 
CACACACCCA CAGCTACACC AATACCAATA CCAACACCAA CATCAACACC AATAACCATA 
CGAATACGAA CACAGAGAAA CAGAAAAAAC ACACACACAT ATGTTTAGAT GAAATGCTGT 
TTTTTGACGC TGGCCAAGCG ATGCAAGAAC TATGTTAATT ATTATTAGTA GCGAAAAGAT 
GAAACTTAGT TAGGAGCCAA AGGGCGCTTG TAAATGTATG TATGTGTACA TCGATGTAAG 
CATACGGCAT CCTTTGCAAT TATATATGCA ATGTGTATAT ATATATAGTC CTTAAATACG 
ATTATGXGAA TTAGCCTAGT TAACTGCAAG CGAAGCAAAC GATTTTGCCA TCTTTTTTGC 
TAATTTCAAA TTAGCTGCGC TTAGCAAATT TTCTATATGC ATACATACAA TATGTAAATT 
GATATATGTC TAGGAACATA AGTAGCCGAT TTTTGTACTG TGTGAGTTGA GTTTTGTATG 
TGTAAATGTT TGTATGTCCT TGTTGTAACT CTCCGTGTAT AGTTAGTGAT TTATCAATGT 
GAACGTGTAT GCGCAAGGCA CAGTCGTCTC AATTTCAGTT TTAAATTCCA ACTTGAGGCT 
CCTCGAATTC CGTATAAAAA ACACATCGAC TGTATCTTTT GATTATCCGT GGCCATTATA 
GAACAGCAGC AGAAATTGCC ACTTAAAAGC AATACGAACT CTTTTTCGGG GCCATTCAGA 
AATAAGTGCA CAAATCCGCC GAGGAGAAGC AATTAACTAA TGCTAAGTTT ATGGTTTAAG 
TAGCTTTCCA TTTTCAATTC GTTATGTGCA ATTTTTTATT . TGGACACCTC AGTTTTTTAA 
TTCTTATCGT GGCCATTTAC TGAAGTACGT AAATCAATTA TCAATATGCA ATCAATTTTA 
ACCACATGCG CATATCAAAA GAAGAGGCTT TTTTGAAGCG AAGCGTTTTT AGTTTAAGCA 
ACCACAATTT TATACATATA CTAGAGCTAA AGTATATTTC TATAACTATT TTTTACAACA 
AATATACACG ATTGCAGATG 

(2) INFORMATION FOR SEQ ID NO: 6: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 760 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 



2602 

2662 

2722 

2782 

2642 

2902 

2962 

3022 

3082 

3142 

3202 

3262 

3322 

3382 

3442 

3502 

3562 

3622 

3642 
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 6: 

Met Gin Ala Lys Lys Arg Tyr lie Leu Val Phe V al Ser Cys Ala Phe 

10 15 

Leu Ala Tyr Ala Tyr Phe Gly Gly Tyr Arg Leu Lys Val Ser Pro Leu 

25 30 
Arg Pro Arg Arg Ala Gin His Glu Ser Ala Lys Asp Gly Gly Val Gin 



40 45 

Pro His Glu Gin Leu Pro Ser Phe Leu Gly Ala His Asp Met Gin Glu 

55 60 
Leu Gin Leu Leu Gin Ser Asn Gin Ser Lys Ser Leu Asp Ser Ser Lys 



75 



80 



His Leu Val Thr Arg Lys Pro Asp Cys Arg Met Glu Thr Cys Phe Asp 

90 95 

Phe Thr Arg Cys Tyr Asp Arg Phe Leu Val Tyr lie Tyr Pro Pro Glu 

100 105 110 

Pro Leu Asn Ser Leu Gly Ala Ala Pro Pro Thr Ser Ala Asn Tyr Gin 

120 12S 

Lys lie Leu Thr Ala He Gin Glu Ser Arg Tyr Tyr Thr Ser Asp Pro 

135 140 

Val Leu Gly He Asp 
150 "5 160 

Ser Leu Ser Glu Asp Tyr Val Arg Asn Val Pro Ser Arg Leu Ala Arg 



Thr Ala Ala Cys Leu- Phe Val Leu Gly He Asp Thr Leu Asp Arg Asp 



170 175 



Leu Pro Tyr Trp Asn Asn Gly Arg Asn His He lie Phe Asn Leu Tyr 
180 185 190 

Ser Gly Thr Trp Pro Asp Tyr Ala Glu Asn Ser Leu Gly Phe Asp Ala 

Gly Glu Ala lie Leu Ala Lys Ala Ser Met Gly Val Leu Gin Leu Arg 

215 — — - 



220 



His Gly Phe Asp Val Ser He Pro Leu Phe His Lys Gin Phe Pro Leu 

230 "5 2 40 

Arg Ala Gly Ala Thr Gly Thr Val Gin Ser Asn Asn Phe Pro Ala Asn 

245 250 255 

Lys Lys Tyr Leu Leu Ala Phe Lys Gly Lys Arg Tyr Val His Gly lie 
260 265 270 

Gly Ser Glu Thr Arg Asn Ser Leu Phe His Leu His Asn Gly Arg Asp 

280 285 

Met Val Leu Val Thr Thr Cys Arg His Gly Lys Ser Trp Arg Glu Leu 

295 300 



Gin Asp Asn Arg Cys Asp Glu Asp Asn Arg Glu Tyr Asp Arg Tyr 



Asp 
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305 310 



315 320 



ryr oiu Thr Leu Leu «. Asn ser Thr jj. ^ Lgu vai ^ ^ 

*r 9 Leu Gly Ser Phe Arg phe ^ Qlu wa ^ ^ ^ ^ 

He Pro Val Leu Leu Ser Asn Ala Trp Val Leu Pro Phe ^ Ser Lys 

360 365 

a. £ Trp , ys G1 » Ala „ m Itp ila Mp to ^ ^ 

J75 380 
«J V.! Asp Ile ^ ar9 s „ lle ^ Mu ^ ^ ^ 

395 400 
L.U »r 9 „„ 01n „ 01n Val leu ^ ^ ^ ^ 

410 MS 

«u Ly. n. vaj rae xh, * n « Ile Atg Mu ^ ^ 

*" P * lis Val 415 S " s " 2; ~ «» ~ I <uy Ala 

445 

Leu Leu Thr Leu Pro Thr Phe Ala Aso Ser ^ » ™. 

450 sp Ser Ser ^9 Tyr Met Pro Phe 

455 460 

£ U, A.„ s.r „« Oly U a 01u Pro ug M . lsa 

* 75 480 

ue Tyr va! 01 „ n. 01y Ma Ala Le „ „ ly ^ ^ ^ ^ ^ 

490 495 

^ Leu v.x jj, „ „. rar ly6 „ phe vil Mu ^ ne ^ 

305 510 

~ I- Trp ua Ma Asp ^ P ^ Pro Le „ LyB Lys ^ 

520 525 

Pro £r S « fil , a. Pro al> val ^ mu ^ 

" 5 540 

Jjj *. om «, „. „, , ro Thr ser „ rat at wn My ^ 

555 560 
Ser lie Ser Gin Arg Phe Leu Pro Tyr Asp Glu He cm Thr A S p Ala 

570 575 

vai „„« s . r jj. Asp Glu i8p u , „ ^ Asp mu 

585 590 
»- "a ryr * v.! Trp *, j» Phe „ Glu ^ m ny ^ 

Pr ° % "* Bis Pte HS i,P i ' p,Ser ^ S8 » «Y Tyr 

615 620 
Thr Ser Lys Trp Thr Asn Tyr Tyr Ser lie val Leu Thr Gly Ala Ala 
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625 



630 



635 



640 



Phe Tyr His Arg Tyr Tyr Asn Tyr Leu Tyr Thr Asn Trp Leu Ser Leu 



650 



655 



Leu Leu Leu Lys Thr Val Gin Gin Ser Ser Asn Cys Glu Asp zie 



665 



Leu 



670 



Met Asn Leu Leu Val Ser His Val Thr Arg Lys Pro Pro lie L ys Val 

680 685 

Thr Gin Arg Lys Gly Leu Gin Gly Ser Gly Asp Gly ser Phe Ala Trp 

595 700 
Asn Asp Pro Asp His Phe lie Gin Arg Gin Ser Cys Leu Asn Thr Phe 

710 7 15 720 

Ala Ala val Phe Gly Tyr Met Pro Leu lie Arg Ser Asn Leu Arg Met 

725 7 30 735 

Asp Pro Met Leu Tyr Arg Asp Pro Val Ser Asn Leu Arg Lys Lys Tyr 



750 



Arg Gin lie Glu Leu Val Gly Ser 
7 55 760 



(2) INFORMATION FOR SEQ ID NO: 7: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1938 base pairs 

(B) TYPE : nucleic acid 

(C) STRANDEDNESS : both 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDNA 



(ix) FEATURE: 

(A) NAME/KEY: CDS 

fB) LOCATION: 82.. 1797 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 7: 
GTCTTCCACG TCTGCAGCTC AGCCAGGGCG CGCAGGGCGA GTGGGGTCCA CTGGCGGGTA 

AAGGGGACCA GGACGGCGAG G ATG GAC GCA CAG ACC TGG CCC GTG GGC TTT 

Met Asp Ala Gin Thr Trp Pro Val Gly Phe 
1 q 



10 



CGC TGC CTC CTC CTT CTG GCC CTG GTT GGG TCC GCC CGC AGC GAG GGC 
Arg cys Leu Leu Leu Leu Ala Leu Val Gly Ser Ala £g Ser £u Gly 



2° 25 



Sn JJ C ™ GAA GTT CGG AAA CTT TTC CAG TGG CGG CTG CTG 

Val Gin Thr Cy 8 Glu Glu Val Arg Lys Leu Phe Gin Trp Arg Leu ^ 

35 40 
GGA GCT GTC AGG GGG CTG CCG GAT TCG CCG CGG GCA GGA CCT GAT CTT 



.60 
111 

159 

207 

255 
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Gly Ala Val Arg Gly Leu Pro Asp Ser Pro Arg Ala Gly Pro Asp Leu 



55 



Sn Val evs S ^ CCT ACA TGT TGC ACC AGG ™ G ATG «0 
Gin Val Cys lie Ser Lys Lys Pro Thr Cys C ys Thr Arg Lys Met Glu 



70 



GAG AGA TAT CAG ATT GCG GCT CGC CAG GAT ATG CAG CAG TTT CTT CAA 
Glu Arg Tyr Gin He Ala Ala Arg Gin Asp Met Gin 2!! J£ £J 

80 85 90 

ACG TCC AGO TCT ACA TTA AAG TTT CTA ATA TCT CGA AAT GCG GCT GCT 
Thr ser Ser Ser Thr Leu Lys Phe Leu He Ser Arg ™ S S S 
95 10 ° 105 

TTT CAA GAA ACC CTT GAA ACT CTC ATC AAA CAA GCA GAA AAT TAG ACC 
Phe Gin Glu Thr Leu Glu Thr Leu lie Lys Gin Ala Glu Asn Tyr Jhr 
110 "5 120 

AGT ATA CTT TTT TGC ACT ACC TAC AGG AAC ATG GCC TTG GAG GCT GCT 
Ser lie Leu Phe Cys Ser Thr Tyr Arg Asn Met Ala lIS £S S S 
125 130 135 

GCT TCG GTT CAG GAG TTC TTC ACT GAT GTG GGG CTG TAT TTA TTT GGT 
Ala ser Val Gin Glu Phe Phe Thr Asp Val Gly Leu Tyr Pnl 2£ 

145 150 

GCG GAT GTT AAT CCT GAA GAA TTT GTA AAC AGA TTT TTT GAC AGT CTT 
Ala Asp val Asn Pro Glu Glu Phe Val Asn Arg Phe Phe Asp Ser 21 
iss 160 



165 



170 



TTT CCT CTG GTC TAC AAC CAC CTC ATT AAC CCT GGT GTG ACT GAC AGT 
Phe Pro Leu Val Tyr Asn His Leu He Asn Pro Gly Val ?£ Sp Ser 
175 "0 185 

TCC CTG GAA TAC TCA GAA TGC ATC CGG ATG GCT CGC CGG GAT GTG AGT 
Ser Leu Glu Tyr Ser Glu Cys lie Arg Met Ala Arg A^g Sp vS sir 
"° "5 200 

CCA TTT TGT AAT ATT CCC CAA AGA GTA ATG GGA CAG ATG GGG AGG TCC 
Pro Phe cys Asn He Pro Gin Arg Val Met Gly Gin Met S£ Arg Ser 

215 

CTG CTG CCC AGC CGC ACT TTT CTG CAG GCA CTC AAT CTG GGC ATT GAA 
Leu Leu Pro Ser Arg Thr Phe Leu Gin Ala Leu Asn Leu Gly S Si 

vll f° J? ^ ™ CTG CTC ™C AAA GAG TGC AGC AGA 

Val lie Asn Thr Thr Asp Tyr Leu His Phe Phe Lys Glu Cys Ser JSJ 

240 245 250 

GCC CTC CTG AAG ATG CAA TAC TGC CCG CAC TGC CAA GGC CTG GCG CTC 
Ala Leu Leu Lys Met - Gin Tyr Cys Pro His Cys Gin Gly Leu Ala S 
255 260 265 

ACT AAG CCT TGT ATG GGA TAC TGC CTC AAT GTC ATG CGA GGC TGC CTG 
Thr Lys Pro Cys Met Gly Tyr Cys Leu Asn Val Met Arg Gly Cys Leu 
270 275 280 

GCG CAC ATG GCG GAG CTT AAT CCA CAC TGG CAT GCA TAT ATC CGG TCG 



303 



351 



399 



447 



495 



543 



591 



639 



687 



735 



783 



831 



879 



927 



975 
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Ala His Met Ala Glu Leu Asn Pro His Tm tt< ^ 

285 2 g° H1S Tr P H " Ala Tyr He Arg Ser 

======£==2222222 

310 

GTG CTG CTG AAC TTT CAC TTG CTT GTT SS t 

Val Leu Leu Asn Phe His Leu IZ vll If ?* T GCT GTG WA CM GCT 
315 32 J L6U Leu Val As ° Asp Ala Val Leu Gin Ala 

325 330 

CAC CTC AAT GGA CAA AAA TTA ttc m» 

His Leu Asn Gly cm JJJ S lIu ™ £n ^ ATT TGT «* 

335 Val Asn ^3 He Cys Gly 

CGC CCT GTA AGA ACA CCC ACA CAA Arc rnn ™~ 

^ >ro v. jj, Iht ,„ Ito - « - * ^ „ „ « 

. 5 360 
AGC AAA GAG AAG CAT GGA ATG AAG ACC ACC ara *~„ . 
Ser Lys Glu Lys His Gly Met £s J£ J£ JS £a "* «° 

365 „„ nr Tllr ^9 Asn Ser Glu Glu 

J/0 375 

ACQ CTT GCC AAC AGA AGA AAA GAA TTT ATC Aac ann 

2 "* 1B ° 119 ~* £ «« = S 2 2 2 ~ ™ ~ 

" 390 

=====52222222222 
S S S 2 J 2 2 « 2 2 5 2 ; s - 2 

420 425 

===S==5222222522 
=55=252522522222 

450 4S5 

==========225222 

465 470 
AAA CCT GAC AAG TGG GAA CTT rrr nnn 

5- - „ Ly . Itp 2 2 2 2 2 5 5 2 5 2 

485 490 

5 2 2 5 2 2 2 2 2 2 S» 041 -»«■--« 

wy Asp cys Asp Asp Glu Asp Gly Cy 8 Gly Gly 
500 505 

===5=52222222222 

515 520 
« OA, CAT „ MC TTC AGT OAT OTA AAC iTC aT ^ sa 



1023 



1071 



1119 



1167 



1215 



1263 



1311 



1359 



1407 



1455 



1503 



1551 



1599 



1647 



1695 
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Pro Asp Asp Met Asn Phe Ser Asp val Lys Gln 

525 53 £ vax U Y* Gin He His Gin Thr Asp 

E i " = 5 S S 5 S 5 SS S S £ s - 

550 

GAA TCT ATG ACA TTC ACT rrr 

«« *r « », Pte c e s s s s s s r* , ot rec 000 »•» 

555 5g0 °" vaj - val Met Leu Leu Pro Gly 

565 570 
S ™ CIGMCT GACATACCTT ACIGAAGTCI C^^c 

t™* IAI0CCTOaA ATi _ 

AAGATATGTT ACACTAACTT CCAGAAGCCA A 

1938 

(2) INFORMATION FOR SEQ ID NO: 8: 

(i) SEQUENCE CHARACTERISTICS ■ 

(A) LENGTH: 572 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 
(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 8: 

Met A ,p AU Qln ^ ^ pto yal oiy ^ ^ ^ ^ ^ ^ ^ 

10 15 
U. un Va! 8 £ ser Ala Ar9 s „ „. wy v>i ^ ^ ^ Mu 

™ «. Ij. Le u Phe «, ^ Arf Leu w „ „ y Ua ^ My 

P- »,p S „ ,„ toJ Ala Mp ^ ^ ^ ^ 

60 

^ rar ^ c,. a. Atg Ly „ Met 01u 01u tog ^ md Ma 

75 80 

«• *r 9 Gl „ „, aln 0lD rse leu ^ fc ^ ^ 
P>« Leu ue ser Asn „, ^ ^ ^ ^ 

05 110 

Thr Leu He Lys Gin Ala Olu Asn Tyr Thr Ser n. T 

115 ,, n iar Ser J1 e Leu Phe Cys Ser 

*° 125 

Thr Tyr Arg Asn Met Ala Leu Glu Ala ai* ai = „ 

130 i,c la Ma Ser Va l Gin Glu Phe 

140 

Phe Thr Asp Val Gly Leu Tyr Leu Phe Glv ai = * 

145 lso y ^ eu pne G1 y Ala Asp val Asn Pro Glu 



150 „ 

^ 160 
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eiu Phe val Asn Arg Phe Phe Asp Ser Leu Ph. n T 

165 P ~J Phe Pro val Tyr Asn 



175 



Has Leu He Asn Pro oiy Val Thr Asd Ser e. r 

180 ?!? Ser Ser L eu Glu Tyr Ser Glu 

185 190 

Cys lie Arg Met Ala Arg Arg Asp Val Ser pr« „k „ 

195 a Val Ser Pro Cys Asn He Pro 

* 00 205 

Gin Arg Val Met Gly Gin Met Gly Arq Ser i«. T 

210 2ig y Arq ser Le " Leu Pro ser Arg Thr 

220 

J* u. «. ila ^ jj. leu Gly Ile 01u val ne ^ 

235 240 
Tyr Leu His Phe Phe Lys Glu Cys Ser Arq Ala r..,. T 

245 u Leu Lys Met Gin 

"° 255 
Cys Pro Hi, Cys G1 » „ r ^ „ Mu ^ ^ ^ ^ 

S 270 

Tyr Cys Leu Asn Val Met Arg Gly cvs L»« ai= 

275 9 ,Zi Cys Leu Ala H « Met Ala Glu Leu 

285 

- JJJ His It p , ls ila £ n . ^ s „ ^ ^ 

3 300 

JlJ Met Hi. gay rar ^ Asp My au ^ ^ ^ ^ ^ ^ 

315 320 

,e» Le„ v al »,„ ^ Ua val ^ Gl „ Hi> ^ ^ Ma ^ 

330 335 

Leu Leu Glu Gin Val Asn Arg He cvs Glv a™ » 

340 ^ Sly Arg Pro Val Arg Thr Pro 

345 350 
«. £ Pro ^ cys set jj. „ 01n s „ Lyo ^ Lys »i, 01y 

~ L„ * Tar * to3 R ser „, Mu ^ ^ 2 „„ ^ 

J/5 380 

gj «. p-e a. «„ s« Leu ^ ^ ^ ^ set p „ e ^ giy 

395 400 
«. «. «. Leu Cys M a .. a 01u Leu U , Ala « la „ 01y 



415 



*° •** *» * ° ly ° 1U ** P II! ™ s « «. ol- ^ v al 

425 430 



~.«r J- a. Ly. Ua ser Gly ^ ^ olo . vaj Ly< 

445 

Lys Gly He Asp Pro Val He Asn Ola' He II* a™ t * 

450 acc Iie As P L y s Leu Lys His 

435 460 

Val Val Gin Leu Leu Gin Glv Ara Spr t 

465 47 q GXy Ar9 Ser Pro h Y* Pro Asp Lys Trp Glu 

475 480 
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«. L» CX„ LeU JJj .„ 01y „ f Qly Mu v ^ Sm ^ 

495 

«.p c a*p jj, »„ « p My ^ ^ „ r My sm ^ s ^ ^ 

Lys 419 S Leu L " 3 "° «s IIP Bet s a8 ° phe 

~ «j »i ly . 01n n. ola Ihr Jsp Tht My ^ 

3J;> 540 * 

Thr Thr Gly Ala Gly Cvs Ala v*i »i ««. 

545 7 la Ala Thr G1 * S « Met Thr Phe Thr 

555 560 
*u i le ser Val Val Met Leu Leu Pro Gly lle Trp 



565 570 
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